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Tracer Investigations of Isotople Resetions* 
A Situdv i f a HHMA. f o r the Separation of Boron Isotopes* 
M. GREETT 
The phase exchange processt 
1 0 B O I 3 ( I ) + ^ B C ^ C I ) ^ ^mi^i) * mmi3{g) 
has been examined i n a high eff ic iency packed f rac t ionat ing 
column* The re la t ive v o l a t i l i t y of the isotopic boron chlorides 
has been found to be 0*9987(in favour of 1 G B ) . A novel method 
has been developed f o r assaying the 1 0 B concentration i n BCl^* 
' 1 0 I 
This method i s based upon the large capture cross section of B F 
f o r thermal neutrons as compared with any other nuclide l i k e l y to 
be present* The technique consisted i n measuring the neutron 
transmission through an absorption ce l l* alternately empty1and 
f i l l e d with BCl^ gas* Standard nuclear physical apparatus and 
a BF-j - f i l led proportional counter used f o r measuring the 
neutron intensity* 
'The value of the equilibrium constant obtained experimentally 
d i f f e r s i n sense and magnitutii from that predicted by tJrey from 
inf ra- red spectral data(l»01li|. at the b o i l i n g point)* This dis-
crepancy has been discussed i n the l i g h t of a more general theory 
of the vapour pressure differences of Isotopic l i q u i d mixtures* 
and i t has been shown that reasonable agreement i s obtained be-
tween theory and experiment^if5 allowance i s made f o r the existence, 
tat the | i q u i d phase* of ' i n f r a - r ed dispersion forces*(analogous to 
the London dispersion forces)* the magnitudes of which are isotope-
dependent* 
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INTRODUCTION. 
1 . 
I n recent years ieotopic t racers f o r nearly a l l the 
chemical elements have "become ava i lab le . I n the case of the 
l i g h t e r elements there is o f t en a choice between radioact ive 
t racers 'and enriched stable isotopes. A s t r i k i n g exception 
is the element boron; the radioact ive boron isotopes have 
h a l f l i v e s which are much too short to be of any use i n chemi-
ca l studies (e .g . 1 2 B , 0.022 s e c ) , and only mi l l i g r am quant i -
t i e s of stable isotopes are avai lable , at a considerable p r i ce , 
from an electromagnetic separation p lan t . 
Both nuclear and chemical applicat ions of much in teres t 
exis t f o r separated isotopes of boron. WB is of considerable 
app l ica t ion i n neutron physics where use can be made of the 
slow neutron induced react ion: 
10^ 1 4 7T • 
5-° +• 0 n —> 2 H e + V*1 
f o r which the nuclear cross section is very large (^3000 x 
10" 2 4 cm. 2 ) . Also i t could be of great use i n the invest igat ion 
of the chemical reactions of , f o r example, the boron hydrides. 
I t was therefore considered worth while to invest igate the pos-
s ib le methods of separation of boron isotopes, w i t h a view to 
the production of usable quant i t i es of enriched mate r ia l . 
I t w i l l appear from the discussion i n Chapter I I tha t the 
most promising method f o r the separation of boron' isotopes; on 
a laboratory scale, was by f r a c t jbnal d i s t i l l a t i o n of boron 
t r i c h l o r i d e , and t h i s provided an addi t ional reason f o r carrying 
out thi'e inves t iga t ion . Natural boron contains a comparatively 
high propor t ion of the less abundant isotope (81.6#, 1 1 B ; 18.4# 
1 9 B ) 4 and as a r e su l t both isotopes are amenable to spectrosco-
pic inves t iga t ion . This has made i t possible to evaluate the 
thermodynamic funct ions of both isotopes in the condensed phase 
and i n the gas phase, from spectral data; boron t r i c h l o r i d e 
Is, in fac*, almost the only substance f o r which such experimen-
t a l data are available f o r both isotopes. Use may be made of 
the: Tel ler-Redl ich r u l e to evaluate the data fo r the rare iso-
tope in other less favourable eases .al though the exact v a l i -
d i ty of t h i s r u l e when applied to the condensed phase is open 
to some doubt. The boron t r i c h l o r i d e system, therefore , 
provided an in te res t ing experimental check of the basis--of 
ca lcu la t ion of vapour pressure di f ferences from molecular 
frequency data. 
Some encouragement i n t h i s approach can be drawn from 
observations of natural va r i a t ions in the atomic weight of 
boron. Briscoe and Robinson and t h e i r co-workers ( l ) used 
the density of boron t r i c h l o r i d e , prepared from boron-minerals 
obtained from d i f f e r e n t geological deposits, as a measure of 
the 1 V 1 ' B r a t i o . They found di f ferences i n the density 
corresponding to as much as i n the isotopic r a t i o . T-Ms 
work has recent ly been extended by Thode and his col laborators 
3. 
(2 ) , who' a r r i ved at e imi lar conclusions as a r e s u l t of the mass 
spectrometric assay of boron t r i f l u o r i d e . 
The differences in the values obtained f o r the 1 1 B / 1 0 B 
r a t i o , p a r t i c u l a r l y when boron t r i f l u o r i d e has been used as 
the mater ia l f o r inves t iga t ion has l ed a number of workers to 
suggest tha t f r a c t i o n a t i o n of the isotopes might r e su l t from 
d i f f e r i n g treatments in the p u r i f i c a t i o n of various samples. 
While t h i s suggestion lacks experimental proof, the evidence 
of Briscoe 's and Thode' s work remains unchallenged, since 
p u r i f i c a t i o n was c a r r i e d to the same extent on each sample. 
I I . 
POSSIBLE METHODS OF ISOTOPE SEPARATION APPLICABLE TQ BQRQN. 
A number of techniques have been developed f o r the p a r t i a l 
or complete separat ion of isotopes, bpt may of them w i l l , in 
any given case, prove unworkable f o r one reason or another* 
.The p r a c t i c a b i l i t y of a method varies widely w i t h the nature 
of the element involved, the scale of the proposed separation, 
and the f a c i l i t i e s ava i lab le . The methods which lend them-
selves to the boron case are discussed below. 
1 . Thermal D i f f u s i o n . 
The p r i n c i p l e of thermal d i f f u s i o n discovered independently 
by Chapman and Enskog, together w i t h the m u l t i p l i c a t i v e e f f e c t 
of the thermal syphon system, introduced by Clusius and Dickel , , 
has produced one of the simplest and most r e l i a b l e separation 
methode. L i q u i d systems can be employed, but the d i f f i c u l t i e s -
are very much greater than i n the gas phase, hence a gaseous 
compound of boron is requi red . This compound should, be of as 
low a molecular weight as possible and preferably have only 
mono- isotopic elements associated w i t h i t , so that any isotope 
e f f e c t depends only on the boron. Boron t r i f l u o r i d e seems 
to be the obvious choice, and t h i s has recently been invest iga-
ted by Watson, Bucannan and Elder ( 3) who measured the separa-
t i o n produced in 7 meters of Clusius-Dickel type (hot wire) 
column. The estimated value of <rt , deduced from the o v e r - a l l 
5. 
separat ion, was 5.© x 1Q* 4 ( which corresponded t© only 0.06 
of the separation c o e f f i c i e n t ca lcula ted from an "e las t ic 
spheres" model. I t was concluded that o< was so small as to 
, make the method rather una t t r ac t ive . I n addi t ion; i t seems 
un l ike ly tha t larger values of oC w i l l "be found f o r other 
v o l a t i l e boron compounds; i t would not seem unreasonable to 
suppose that boron t r i f l u o r i d e has "harder" molecules than 
the other possible v o l a t i l e compounds (e .g . BClg, Me 3 B , e t c . ) . 
This method was not therefore considered f u r t h e r . 
2. Electromagnetic. Separat ion. 
V i r t u a l l y i so top ica l ly pure y ie lds of boron i n microgram 
quan t i t i e s , have been obtained by Yates (4) using a c a r e f u l l y 
col l imated electromagnetic separator and a low voltage arc in 
a mixture of helium and B I - as a source of boron ions. M i l -
o 
l igram quant i t i es of separated boron isotopes are avai lable 
from a large electromagnetic separator at Harwell ( 5 ) , but 
t h i s s t i l l f a l l s short of the quant i t ies needed f o r chemical 
wojrk, and the construct ion of any larger plant would be a 
major engineering p ro j ec t . 
3. D i f f u s ion S»para t ion. 
The fertz pump technique could conceivably be applied to 
the boron case. The advantage of such a method is that the 
properties of gases at low pressures are predictable w i t h a 
high degree of c e r t a i n t y . The p r a c t i c a l d i f f i c u l t i e s of such 
a method are, however, considerable,- since i t would be neces-
sary to have porous ba r r i e r s and pumps res i s tan t to the v o l a t i l e 
compound selected. Furthermore, since the working pressure 
f o r such a process i s very low, the y ie lds of mater ia l would 
tend to be rather small, and i t is f e l t that to increase the 
rate of production would involve a large scale engineering 
p ro j ec t . 
4. Exchange E q u i l i b r i a . 
The pioneer studies of Urey and Rit tenberg (6) and Farkas 
and Farkas (7) established the-existence of comparatively large 
differences in properties between hydrogen and deuterium com-
pounds, and indicated smaller but d e f i n i t e differences i n the 
chemical properties of isotopic compounds of other elements 
of low atomic weight. Thus in the ease of boron isotopes, 
i t appeared that the only feas ib le l i n e of approach l e f t 
would be to u t i l i s e the s l i g h t deviations f r on u n i t y of the 
equi l ib r ium constants of isotopic exchanger; react ions' of boron, 
between two compounds or between two phases, or bo th . Urey 
and his col laborators (8) have made extensive use of t h i s type 
of exchange reac t ion and have obtained u se fu l r e su l t s i n the 
case of several of the l i g h t e r elements. A t y p i c a l example 
of the k ind of reac t ion most favoured is the ammonia-ammonium 
ion exchange: , 
14 15 + ^ 15 14 +• 1TH3 -4- NH 4 ;===^ NH 3 4- NH 4 
Nearly a l l such exchange reactions have one point i n 
common, tha t i s , tha t the element whose separation is desired 
is associated w i t h d i f f e r e n t numbers of atoms of another e le-
ment in the two phases (usual ly a gas and a l i q u i d ) . The 
only analageous react ion f o r boron would appear to be:-
1 G BF + 1 : L BE- ^ 1 X B F + 1 0 B F - • 
3 4" 3 4V" 
Whi ls t t h i s react ion might wel l give a substant ia l sepa-
r a t i o n , the extremely corrosive nature of the fluo$>torate ion 
would involve an experimental procedure fraught w i t h d i f f i -
c u l t i e s . 
Urey (8) has considered reactions of the type:-
1 0 B X 3 +• i : L B Y 3 ^ i : L B X 3 -»- 1 G B Y 3 
where X and Y are two d i f f e r e n t halogens, or the same halogen 
in molecules in d i f f e r e n t phases. Reliable v i b r a t i o n a l spec-
t r a l data, necessary f o r ca l cu l a t i ng the equ i l ib r ium constants 
of sueh react ion, are avai lable , owing mainly to the conside-
rable in teres t shown by spectrocopists in molecules w i t h plane 
t r i g o n a l symmetry. Table I , taken from Urey 1 s paper, but 
s i m p l i f i e d by r e t a in ing only those f igu res fo r 25°G., is shown 
below and gives the predicted values of the equi l ib r ium con-
stants f o r various boron halide exchange react ions. 
T A B L E I . 8 
n B F 3 ( g ) . 
1 0 B F 3 ( g ) 
1 L B G l 3 ( g ) 
1 0 B C l 3 ( g ) 
I : L B C I 3 ( I ) 
1 0 BC1 3 (1 ) 
t 
1 J H B r 3 ( l ) 
1 Q B B r 3 ( l ) 
• 
1 X B F 3 ( g ) 
1 0 B F 5 ( g ) 
1 1.09G 1.076 1.101 
U B C l 5 ( g ) 
1 0 BGl, 5 (g) 
- 1 1.015 1.010 
n B C l 3 ( l ) 
1 0 BC1 3 (1) 
-• 1 1.023 
i : L B B r 3 ( l ) 
1 0 B B r 3 ( l ) 1 
1 
' These e q u i l i b r ium constants are obtained, by the usual 
procedure of ca l cu la t ing the r a t i © of the v i b r a t i o n a l , p a r t i t i o n 
func t ions . I t is i m p l i c i t i n these ca lcula t ions that the t o t a l 
p a r t i t i o n f u n c t i o n may be 'represented by the product of the v i -
b r a t i ona l , r o t a t i o n a l , e lectronic and conf lgura t iona l p a r t i t i o n 
funct ions and that these are separable. The addi t iona l sim-
p l i f y i n g assumptions made are: that anharmonic i t y can be neg-
lected; that the r o t a t i o n a l l eve ls are "classically* occupied, 
and thus unable to contr ibute to the separation; and that 
conf iguriat ional cont r ibu t ions cancel ( c e r t a i n l y t h i s w i l l be 
true in the gas phase). The v a l i d i t y of t h i s l a s t assumption 
w i l l be discussed in Chapter V I I I . 
The f igures quoted in Table I were obtained by inse r t ing 
the observed v i b r a t i o n a l frequencies into the f o l l o w i n g expres-
sion: T 
<4l U c 
he co 7. 
to ' KT 
^ _ hew. 
'He * T 
i 
Where Q, is the p a r t i t i o n func t ion , CO is the molecular frequency 
in cra"^, n is the degenerancy of the pa r t i cu la r fundamental 
v i b r a t i o n considered, and the product extends over a l l funda-
mental v i b r a t i o n a l modes. The appl ica t ion of t h i s treatment 
to other systems JUH3 - NHj; S 0 2 - H S O 3 ; C 0 2 - H C O 3 , e tc . ) 
has a t ta ined a remarkable measure of success, as can be seen 
from Table XIV of Urey* s paper ( 8 ) . 
I t can be seen from Table I that the equ i l ib r ium conetants 
are a l l of a workable magnitude. Wi th one exception, however, 
i t " would be d i f f i c u l t to conceive of any mechanism whereby these 
exchange react ions could be converted from a single to a mul-
t i s tage process. In other words, no column packing is yet 
known wh ich woul d r a p i d l y and e f f i c i e n t l y catalyse the a t t a i n - \ 
ment of equ i l ib r ium. 
• . ,. • 1©. 
The one exception to t h i s ease is the B C l 3 ( l ) - BCl 3 (g) 
system which does not involve a chemical equ i l ib r ium, but 
merely a phase exchange process such as forms the basis f o r 
a l l d i s t i l l a t i o n s . In p r i n c i p l e Urey 1 s method of calcula-
t i o n fo r such a process should be jus t as applicable to this, 
system as to any other (provided tha t the p a r t i t i o n funct ions 
have been calcula ted c o r r e c t l y ) . The value of C< quoted 
appeared s u f f i e ien t ly l arge to j u s t i f y an experimental t e s t 
of the p r e d i c t i o n . Such an undertaking was considered to 
serve two purposes; i f should be as large as predicted, 
a usefu l method of obtaining 1©B would be ava i lab le ; i n 
e i ther event use fu l data on the v a l i d i t y of the assumptions 
implicated in the ca lcula t ions should be obtained. I t .is 
remarkable that , because of the deplorable lack of experi-
mental data f o r the rarer isotope in the ma jo r i t y of cases, 
boron t r i c h l o r i d e should be the only substance from which 
at the present time an unambiguous r e su l t could be expected. 
Table I I l i s t s the isotopic systems f o r which the 
vapour pressure r a t i o s are experimentally known; i n each 
case the 1 ighter isotope is the more v o l a t i l e . 
11. 
TABLE I I . 
System 
Rat io of 
vapour pressures at 
the b o i l i n g point 
Reference 
1 4 ! T / 1 8 N 
§ 2 
1.0081 ( 9 ) 
1 S H 3 / 1 8 H H S 1.00246 (10) 
N H 3 / N D 3 1.110 (11) 
» 
1 6 0 H 2 / 1 8 0 H 2 1.0046 (12) 
H2Q/D2G 1.051 (13) 
2 . 9 7 5 (14) 
No v i b r a t i o n a l frequency data fo r the rare isotope in. the 
l i q u i d phase is avai lable f o r 1 5 N 2 , 1 5 N H 3 , 1 4 N D 3 , 1 8 G % . 
I n the case of l i q u i d BjgO, which has been avai lable i n a v i r -
t u a l l y i so top ica l ly pure state f o r some time, the s i t u a t i o n 
is so g rea t ly complicated by the existence of some form of 
hydrogen bonding, as to make the ca l cu l a t i on of the p a r t i t i o n 
funct ton r a t i o hardly possible. Furthermore most of the data 
on l i q u i d l i g h t and heavy waters have been obtained at belape-
ratures we l l below--the b o i l i n g po in t . No unambiguous 
tes t of ca lcula t ions of vapour pressure r a t i o s is thus 
available so f a r , and adds considerable in teres t to the 
boron t r i c h l o r i d e inves t iga t ion . 
I I I . 1 
DISTILLATION. 
. The r e l a t i v e v o l a t i l i t y of the ^ B C l g / ^ B C l j system is 
almost c e r t a i n l y very near to u n i t y . Thus the "branch of dis-
t i l l a t i o n theory and pract ice 'which is p a r t i c u l a r l y relevant 
to the present projec t is that concerned with packed columns of 
high o v e r - a l l separating e f f i c i e n c y . 
1 . Cohen's Theory of Isotope Separation in Packed Columns. 
Cohen ,(15) has given a general treatment of tkte behaviour 
of isotopic binary mixtures in packed d i s t i l l a t i o n columns. 
His conclusions have been of very great use i n the choice of 
the optimum operating condit ions and the most favourable 
column dimensions. The withdrawal of enriched mater ia l from 
the column has been shown to have a very marked e f f e c t upon 
f r a c t i o n a t i o n : Cohen has treated t h i s problem as part of h i s 
more general study of packed f r a c t i o n a t i n g columns. 
Cohen equated the t ransfer I n and out of a u n i t length of 
packed column to obtain the mater ia l balance equations:-
H dz» fit 
and 
h i s - + 1 M _ H £2. 
dt dz\ St 
fo r the l i q u i d and vapour phases, respec t ive ly . I n these N 
is the mole f r a c t i o n of the less vol at i l e component i n the 
—* 
t 1 
+ 
i 
+ 
O 
H 
1 
A 
t 
14. 
l i q u i d , H is the t o t a l l i q u i d hold-up per u n i t length , L i s t%e 
l i q u i d r e f l u x ra te , while n, h and 1 are the corresponding quan-
t i t i e s :n the vapour. The length of the column is Z while Z' 
i s the distance from the top of the column to the element unde£> 
considerat ion. The ra te of change of the amount of less vola-
t i l e component i n the l i q u i d phase in u n i t length of column, 
H 4 r ; can be regarded as the r e su l t of two c o n f l i c t i n g processes; 
a con t r ibu t ion from the f low of mater ia l down through the column 
AN 
L-£jT, and the t ransfer H * ^ of mater ia l from the gas phase. A 
s imi lar mass "balance must ho ld for the vapour. 
Using the above equations i n conjunction w i t h equation: 
H M . . k ( [ N ) M -ocW W) ( i ) 
he obtains the expression; 
r W ( l - p ) ( e - ^ ; » ^ « Q 
Equation ( l ) i s of the same form as 6{Nj/<£t f o r a bimolecu-
l a r revers ible r eac t ion . k is a constant depending on the per-
meabi l i ty of the l iqu id-gas in ter face , d. is the r a t i © of the 
p a r t i a l pressures. £N] and [nj are concentrations (mo les / l i t r e ) 
of the less v o l a t i l e component i n l i q u i d and vapour respect ively , 
and[lt) and[m) are concentrations of the more v o l a t i l e components. 
r ( 0 ) / r ( Z ) ie the f r a c t i o n a t i o n , p i s the f r a c t i o n of the 
t o t a l f l ow drawn o f f , e 2 c r is the f r a c t i o n a t i o n produced at 
column equ i l ib r ium w i t h no t ake -o f f , and % s p / ( l - o t ) . 
s i 
M O 
4-
1 
-I 
^ Q—CO 
a 7 
-I 
T 
4 -
15. 
P ig . I and I I I show the p l o t of f r a c t ionation against 
production f o r two d i f f e r e n t values of e 2 < r; from which i t c*an 
be seen that even a very small production reduces the f r a c t i o -
nation very markedly. 
Equation (2) i s of pa r t i cu la r value in t h i e present work 
since i t .enable both the r e l a t i v e v o l a t i l i t y (<*) of the mix-
ture and the 'p latage ' of the column t o be determined. The , 
equi l ibr ium f r a c t i o n a t i o n w i t h no production ( e 2 < r) is c l e a r l y 
equivalent t o ^ f o r a column of 0 equivalent plates; a 
fu r the r eet of data, w i t h non-zero p and © ( i . e . at a known 
rate of production), enables equation (2) to be solved simul-
taneously fo r c* and )) . 
A convenient value fo r the r e f l u x r a t i o i n the second dis-
t i l l a t i o n , is one which reduce the f r a c t i o n a t i o n b!y about one 
h a l f . 
Another aspect of d i s t i l l a t i o n considered by Cohen is the 
time required f o r a given column to approach the steady state, 
at t o t a l r e f l u x . This is important i n column design because 
i t is desirable to avoid excessively long e q u i l i b r a t i o n pe-
r iods, when isotopes or other very e loee-boi l ing mixtures are 
being separated. 
Cohen describee! the ra te of approach to equi l ibr ium by 
means of a second order p a r t i a l d i f f e r e n t i a l equation, which 
has been derived from the d i f f e r e n t i a l equat io«| c€'ted above. 
The second order equation is then solved by means of i t s 
in 
UJ 
O 
(X 
5 5 3 
16 
Laplace Transform. An expression for r (©)/{» , the f r a c t i o -
nation at time t , i s obtained i n the form shown by the skeleton 
equat ion: -
r ^ o l . e 2 r - e i e - ' P . f '* - ' C j ^ - W * ( 3 ) 
For systems where l / h > L / f c and h+H> H ( * - l ) the term 
-C^tef I f 11 * i s the largest and slowest to vanish, and the time 
of coming to e q u i l i b r ium is , therefore , determined by p ( . 
A numerical example has been worked out, using the data 
r e l a t i n g to the column used i n the examination of the B S I 3 
system, and the value of <X predicted by I r e y . The rate of 
approach to equi l ib r ium is shown in Figure I I . 
The per t inent information which accrues from Cohen's 
work i s : - Frac t ionat ion is a very sensi t ive f u n c t i o n of the 
production. The time requi red t o reach the steady state 
increases w i t h C*., the hold-up, and the number of t heo re t i ca l 
plates . Hence the platage of the column should be a compromise 
between the enrichment desired and the length of time f o r which 
i t would be pract icable to wai t ¥ e f o r e equ i l ib r ium was achieved. 
Also the hold-up should be as saallas possible and therefore 
a small H . l . T . P . i s most desirable. 
2. Packing E f f ie iencyy. 
Gauze r i n g packing, invented by Dixon, has recent ly become 
avai lable commercially. v The charac te r i s t i cs of t h i s packing 
have been examined i n considerable d e t a i l (16) , and appear to 
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"be most sui table fo r high e f f ic iency, low hold-up columns. 
Having once chosen a sui table packing mater ia l (Dixon 
gauze r ings) i t was considered desirable to have some estimate 
of i t s e f f i c i e n c y i n the pa r t i cu la r design of column to be used. 
Unfortunately no tes t mixtures are avai lable of s u f f i c i e n t l y 
low r e l a t i v e v o l a t i l i t y , to enable the platage of columns ©f 
more than about 80 theo re t i ca l plates t o be measured. 
I t was decided, therefore , to determine the e f f i c i e n c y 
of the packing in a smaller column of iden t i ca l bore and w i t h 
a bo i l -up ra te s imi la r to that vised in thee larger column, thus 
providing a rough value of the platage to be expected from i t s 
larger column. 
The assumption that the H.E.T.P. obtained from the smaller 
column is applicable to the larger column, is ©pen to conside-
rable doubt. Thus a number of points of departure between the 
two systems is apparent. l eed and Penske (17) have shown, 
as a r e su l t of the examination of the hydrodynamics of l i q u i d -
vapour f low in packed columns, that the hold-up in the packing 
depends upon the physical properties of the l i q u i d , and possibly 
also those of the vapour. I n pa r t i cu l a r i t is thought tha t 
the v i s c o s i t y and surface tension of the l i q u i d may influence 
the hold-up. The physical properties of the tes t mixture, 
methyl eyelohexane/n-heptane, d i f f e r from those of boron t r i -
chlor ide , i n a number of important ways, e.g. l a t e n t heat 'of 
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vapour i i a t ion and bo i l ing po i n t . The v is c o s i t y of b or on t r i -
chlor ide has not been reported in the l i t e r a t u r e . 
Ward (18) has stated tha t the H .E . I .P . increased w i t h 
increasing distance from the bottom of the column. This 
e f f e c t is probably due to the pressure drop through the 
packing as w e l l as to imperfect heat insu la t ion . 
3. Column Eesign. 
The design of the f r a c t i o n a t i n g section involves two 
main sets of var iab les . The f i r s t is the diameter and length 
of the column and the second is the type and degree of heat 
i n s u l a t i o n . 
The length of the column w i l l depend upon a compromise 
between fwo fac to r s ; the platage desired, and the time of 
e q u i l i b r i a t ion of a column of tha t number of t heo re t i ca l 
p la tes . A column equivalent to 200 plates was required, 
and i t was estimated that the equ i l ib r ium time f o r such a 
column would be about 10 days, i f oC were equal to 1.014. 
The H.E.T.P. obtained from a tes t column containing gauze r i n g 
packing was used to determine the height equivalent to appro-
ximately 200 theore t i ca l plates . 
The diameter of the column is f i x e d at the lower l i m i t 
by that value at which f lood ing w i l l j u s t not take place under the 
b o i l - u p rate to be used. For gauze r i n g packing t h i s value is 
19. 
approximately . The e f f e c t of increasing the column "bore has 
no such c l ea r l y defined l i m i t . Ward (18) poinig out that .since 
the hold-up and the capac i ty of the column increase in roughly 
the same r a t i o w i t h increasing diameter, the t o t a l e f f e c t is to 
produce a s l i g h t loss in f r a c t i o n a t i o n . Dixon (16) has mea-
sured the r e l a t i o n between H.E.T.P. and eolumn bore between 
and and his conclusions are in general agreement w i t h 
Ward's. The decrease i n e f f i c i e n c y , however, is not r ap id 
w i t h increasing column diameter. 
I f a column is not insulated to operate approximately 
ad iaba t ica l ly at a l l times, the v a r i a t i o n i n heat gained or 
l o s t through the column w a l l w i l l change the H.E.T.P. appre-
c i ab ly . This resu l t s from v a r i a t i o n in the amount of l i -
quid hold-up which in tu rn varies the vapour v e l o c i t y , (19), 
(20), (21) . In te rna l r e f l u x r e s u l t i n g from excessive heat 
loss may under some conditions b r ing about a s l i g h t increase 
in f r a c t i o n a t i n g e f f i c i e n c y , but such resu l t s are probably 
f o r t u i t o u s to a large extent, and as yet no explanation haE 
been given fo r t h i s phenomenfiu. Superheating may completely 
destroy separation no matter how e f f e c t i v e the column may be 
as a contacting apparatus. 
4. St i l l - p o t Design. 
Dixon (16) has demonstrated that the e f f i c i e n c y of the 
column is a moderately sensi t ive func t i on of the vapour ve-
l o c i t y . Hence the necessity fo r adequate con t ro l of the 
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bo i l -up r a t e . This can only he achieved i f the st i l l - p o t i s 
very w e l l thermally insula ted . -
Various devices are used t o measure vapour ,izat ion rate 
at the top or bottom of the column, but these are usual ly of 
only rough accuracy. However, w i t h very good Insu la t ion i t 
is pract icable to measure vapourization ra te by heat input . 
The r a t i o of s t i l l - p o t charge to column hold-up w i l l 
depend upon such factors as; the concentration of the com-
ponents; the r e l a t i v e v o l a t i l i t y ; and whether the column 
is to be used to produce r e l a t i v e l y substant ial quant i t ies 
of enriched mater ia l , or merely s u f f i c ient mater i a l to deter-
mine the ifeac t i e nat ion a t ta ined. Williams(82) has suggested 
that a ra t i© of 10:1 might be an- acceptable value fo r general 
ana ly t i ca l pract ice , and Fay (23) has suggested 20 ; 1 f o r t h i s 
r a t i o . However, in view of the nearness to u n i t y of the r e l a -
t i v e v o l a t i l i t y of the isotopic boron chlor ides , a value of 2 
or 3:1 is probably permissable. 
5. P re - f l eod ing . 
Packings made from wire or gauze hold a f i l m of r e f l u x by 
surface tension and i t is well-known that a f l ood ing treatment 
increases t h e i r f r a c t i o n a t i n g e f f i c i e n c y , a f a c t f i r s t reported 
by Nickels (24)., This treatment removes a l l entrapped a i r from 
the packing in ters t ices and causes the r e f l u x to spread uniformly 
over the packing surface. According to Dixon (16) the impor-
tance of t h i s p re - f lood ing has not, in the past, been properly 
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appreciated. He stresses the importance of p re - f lood ing the 
packing at the same ra te at which the actual d i s t i l l a t i o n is 
to be performed; and upholds t h i s argument wi th very convin-
cing exper imental evidence. 
6. Vapour V e l o c i t y . 
Dixon (16) has invest igated the e f f e c t of the vapour vrelo 
c i t y upon the e f f i c i e n c y and hold-up of gauze r i n g packing. 
He repor ts that the e f f i c i e n c y of the packing is approximately 
proport fenal to the recl^>rocal of the vapour ve loc i ty over a 
wide range. • This range has a lower l i m i t at ©.1 f t / s e c , at 
which point there is a marked loss i n e f f i c i e n c y due to an 
i n s u f f i c i e n c y of r e f l u x l i q u i d to seal a l l the apertures. 
A s imi la r decrease i n e f f i c i e n c y occurs at v e l o c i t i e s above 
1.0 f t / s e c . when unsealing of the apertures begins. 
Dixon has also found tha t hold-up increases 1 inearly w i t h 
the vapour ve loc i t y from 0.1 f t / s e c . to 1.0 f t / s e c . 
7. Take-off Section. 
The e f f e c t of the product ion rate upon f r a c t i o n a t i o n has 
already been considered, although there remains the question 
of the best method to employ i n c o n t r o l l i n g the t ake -o f f r a t e . 
Of the two general methods avai lable , l i q u i d part i t ion and 
vapour p a r t i t i o n , the f i r s t has been discarded as being too 
d i f f i c u l t to, adapt to very large r e f l u x r a t i o s . 
In te rmi t ten t ' ta"ke>o;ff was, empl-oy-ed,, w.i.t* ;a-' short/ •% ime; at 
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v i r t u a l l y zero r e f l u x , separated by a long in te rna l of t o t a l 
r e f l u x . Such a-method is thought to have the advantage of 
al lowing s u f f i c i e n t time fo r equ i l ib r ium to be re-establ ished 
between the small disturbances provided to the system by 
removal of mate r ia l . , 
To 
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IV . 
FRACTIONATI HQ APPARATUS. 
The mater ia ls used to construct the apparatuses which 
are described "below were l i m i t e d to those chemically stable 
to boron t r i c h l o r i d e and t race* of hydrochloric ac id . Pyrex 
glass was used>throughout unless otherwise s tated. The boron, 
t r i c h l o r i d e f r a c t i o n a t i n g assembly was constructed SBO as to 
withstand permanent evacuation. 
1 . Packing E f f i c i e n c y . 
The need fo r t e s t i ng the e f f i c i e n c y of the column packing 
has been mentioned ( I I I , p .16), and the apparatus used f o r th is 
purpose is shown in Diagram I . 
The inner tube of the vacuum jacketed column was 5Q cms. 
long aund 21 mm. bore. I n order to compensate f o r r a d i a t i o n 
losses through the vacuum jacket ( b o i l i n g point of tes t mix-
ture ^ 1 0 0 ° C . ) a heating mantle was placed round the column. 
The mantle was b u i l t up as shown in the diagram. The zinc f o i l 
served to ensure even d i s t r i b u t i o n of heat from the heating 
element, Tfoida consisted of Nichrome resistance tape wound i n a 
s p i r a l of £ inch p i t c h . A var iable resistance was used to 
con t ro l the jacket temperature which was kept at approximately 
ioi°c; 
The Dixon packing used in t h i s work had been made from 
1/L6" x 7/16" pieces of 16© mesh stainless s teel gauze, wound 
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the form of a s p i r a l l / l 6 w x l / 1 6 w . The packing was degreased 
"by successive ether washes and dr ied in an oven at 11Q°C. 
When the apparatus was assembled warm dry a i r was drawn through 
i t in order to remove any water vapour present. The gauze 
r i n g packing was then placed In the column. 
I t was not found necessary to grease any of the ground 
glass connections in the apparatus. 
A 20© ml. charge of a 20/80 mixture (V/V) of n-heptane/ 
methylcyc 1 ohexane was put i n the s t i l l - p o t . The "boiler 
immersion heater was of the resistance wire type,, heat input 
"feeing con t ro l l ed "by means of a "Variac" transformer. 
The immersion heater was switched on w i t h the f lood ing 
valve ( IV , p.30) turned to the f l ood ing p o s i t i o n . Af t e r 
p re - f lood ing , the b o i l - u p rate was adjusted s l i g h t l y so t h a t 
condensation occurred at point A. 
Take-off from the top of the column was e f f e c t e d "by ro t a -
t i n g the cup- l ike device to the p o s i t i o n shown in Diagram I . 
Samples of l i q u i d could he drawn o f f from the s t i l l - p o t by 
means of the arrangement shown. 
The composition of s t i l l - p o t and column sample®, removed 
at about the Bame time were determined by means of t he i r 
r e f r a c t i v e indices. v 
\ 
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Results; 
Time of removal of samples (measured from end of 
pre-f looding) . > 34 hours. 
Averaged n20# s t i l l - p o t * 1.4195 
Averaged rP , column « 1.39 46. 
These values were in terpre ted by means of the equation 
quoted by Buck ( 2 6 ) : -
i « log * 0 ( l - x n ) / x n ( l - x Q ) 
log R 
where N i s the number of theore t i ca l plates; R has the value 
of 1.0726; x 0 is the mole f r a c t i o n of n-heptane i n the s t i l l -
head; is the mole f r a c t i o n of n-heptane i n the s t i l l - p o t . 
I f x n i s greater than x 0 they are interchanged i n the above 
formula. The values of x n and x 0 were in te rpo la ted from a 
table of r e f r a c t i v e index v. mole f r a c t i o n of n-heptane, given 
in the same paper. N • 5 4, and therefore the H.E.T.P. z 0.80 cm. 
The bo i l -up rate was measured ny means of the device 
shown. The tap C was closed and the time required to f i l l the 
1 ml . graduated tube, B, was measured. The average of 3 ' 
values gave 6.6 sec ./ma. Thus the b o i l - u p rate was 5 46 m l . / n r . , 
corresponding to a vapour v e l o c i t y of approximately 0.35 f t . / 
sec. 
I t w i l l be seen from Table I I I that the condit ions i n the 
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two columns axe closely p a r a l l e l , thereby g i v i n g some j u s t i f i -
cat ion fo r assuming that the H.E.T.P. obtained, f o r the smaller 
column -would "be applicable to the larger column. 
TABLE I I I . 
18" Column. 60" Column. 
Crolumn diameter 21 mm. 21 mm. 
Approximate vapour v e l o c i t y ,0.35 f t / s e e . 0.23 ft/se3c . 
Temperature of column 1G0°C. , 18.8°C. 
Surface tension of charge 
(® 20°C.) 18 
Latent heat of vapour iza t ion 
of charge 386 joules/gm. 16© joulee/gm* 
H.E.T.P. 0.80 cm. 0. 65 cm. 
1.071 1.0013 
2. C olumn De s i f l n r 
Diagram 2 shows the column, condensers and t ake -o f f valve 
of the assembly used f o r the f r a c t i o n a t i o n of boron t r i c h l o r i d e . 
The column consisted essen t ia l ly of three concentric glass 
tubes. The 21 mm. bore inner tube was packed f o r 16© cms. of 
i t s length w i t h gauze r ings, which were packed into t h i s tube 
z 
• Mi 
to 
0 0 
8 
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a l i t t l e at a time, to ensure a uniform density of m a t e r i a l . 
The packing was he ld up by means of the glasE "mesh", B. 
I t was also found necessary to place a number of glass heads 
on the top of the packing to prevent the gauze r ings from 
being displaced by b o i l i n g l i q u i d during the p re - f lood ing pro-
cess. The f u n c t i o n of the water jacket , which was he ld at 
about 1 0 ° C , was to compensate f o r any res idual heat leakage 
acroes the vacuum jacket . 
A serious problem arose in connection w i t h the construc-
t i o n of the column. This was the stress produced between 
the two innermost tubes as a r esu l t of t h e i r being at d i f f e -
rent temperatures. The absolute value of the cont rac t ion 
of the innermost tube when there was a temperature d i f ference 
of 90°C. was 1-2 mm. This d i f f i c u l t y was overcome by inser-
t i n g a metal bdlows i n the pos i t ion shown on Diagram 2. The 
choice of metal bellows, rajther than the more usual glass type, 
was d ic ta ted by the need f o r a robust, easi ly fabr ica ted u n i t . 
A deta i led drawing of the bellows assembly is shown i n Diagram 
3. 
The assembly consisted of two main sections; the bellows, 
and the pressure compensating device. The bellows sect ion ie 
best described in the order in which i t was assembled. The 
phosphor bronze bellows, containing about 2© convolutions, 
were so f t soldered to the brass sockets 1 , B 1 . A s l o t t e d 
w 
3 
D I A . 4 
, 28. 
"'•Tufnol" spacer T was placed on the B34 cone-0. The 
"bellows, w i t h sockets, were then placed over the cone G. The 
cont inuat ion of tube D, i . e . E. was then placed in pos i t i on 
and welded on at point P (shown in Diagram 2 ) . The bellows 
were contracted s l i g h t l y and each pair of cone and socket 
waxed together in t u r n . This u n i t was vacuum t i g h t as 
w e l l ae being f l e x i b l e . t 
Severance of the waxed connections occasionally occurred 
due to the pressure exerted on the bellows when under vacuum. 
This was overcome by means of the pressure compensating 
device shown; which consisted mainly of two discs he ld apart 
by 3 Hompreesion springs. The spring contrac t ion versus 
applied pressure was measured f o r each spring. I n t h i s way 
i t was possible^ by means of nuts N, to cause each spring to 
exert the same force on the bellows. The t o t a l force be-
tween the two sets, of discs was equivalent to approximately 
1 atmosphere pressure, fo r a cross section measured at jjjf. r p . 
•3.. S t i l l r p o t Design. 
The importance of a w e l l insulated s t i l l - p o t and adequate 
cont ro l of the b o i l - u p rate has been mentioned ( I I I , p .19) . 
Thus thermal i n su l a t i on of the s t i l l - p o t was provided by means 
of vacuum jacket ing, and heating by an e l e c t r i c immersion 
heater. The f l ood ing valve and b o i l e r are shown in Diagram 4. 
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To fabr ica te the vacuum jacketed s t i l l - p o t the outer 
f l a s k was cracked in h a l f along i t e equator and the two pieces 
placed around the inner f l a s k and then sealed together. The 
f u n c t i o n o f the trap containing outgassed ac t iva ted charcoal, 
was to remove any gases desorbed a f t e r the vacuum jacket had 
been sealed o f f . 
A Nichrome resistance heater was used to heat the b o i l e r 
charge. Such a heater has the advantage of easy computation 
of energy input and freedom from bumping. The e l e c t r i c a l 
connect ione to the heater were made v i a vacuum t ight tungsten-
in*-glass seals. The resistance wire was wound on a rectan-
gular mica formed and was placed f l a t on the bottom of the 
b o i l e r , thereby ensuring tha t the heater remained covered w i t h 
boron t r i c h l o r i d e when the column was being f looded. 
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The c i r c u i t diagram for the heater is shown i n Diagram 
5. Since the mains voltage was subject to considerable f l u c -
tuat ions, i t became necessary to use a carbon-pile s t a b i l i z e r 
i n the heater c i r c u i t . A s l i d i n g resistance was used to 
cont ro l the voltage across the heater. The connection be-
tween the mains and the heater was made from the neutral l i n e , 
thus reducing the r i s k of damage to the heater in case of 
short c i r c u i t i n g . The f u n c t i o n of the bottom h a l f of the 
c i r c u i t shown, was to b r ing an a u x i l i a r y power supply in to 
o per at ion i n the event of an i n t e r rup t ion of the mains supply. 
6. Pre- f looding Valve. 
I t has been found (27) tha t i f the connecting tube 
between the s t i l l - p o t and the column is diameter, f l ood ing 
of the packing w i l l occur automat ical ly . Since th i s is unde-
s i rable , i t is apparent tha t there is a need, f o r some form of 
valve between the b o i l e r and the column, in order to u t i l i s e 
the increased e f f i c i e n c y obtained w i t h "pre-flooded" packing, 
see ( I I f p . 20) . A magnetically operated " b u t t e r f l y " valve 
has been used f o r c o n t r o l l i n g the e f f e c t i v e diameter of the 
tube between the bo i l e r and the column. However, Dixon (28), 
to whom t h i s valve is ascribed, points out that such a mecha-
nism is subject to occasional seizure. This is a severe dis-
advantage when a r ead i l y hydrolyzable substance l i k e boron 
t r i c h l o r i d e is being used. 
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The type of valve shown i n Diagram 4 gave t roub le - f ree 
service f o r a long per iod. The lower h a l f of the valve hou-
sing, A, incorporated a B24 socket w i t h the side arm, B, lea-
ding from i t . A p a r t l y ground away B24 cone was suspended 
i n the socket, leaving about •£ mm. clearance a l l round. The 
cone could be ro t a t ed so tha t , under normal condit ions, the 
ground away side faced the side arm, as shown. For f lood ing , 
conditions the valve was ro ta ted through 180° so that a com-
plete surface faced the side arm, thus i n h i b i t i n g l i q u i d 
r e t u r n . The complete success of the valve act ion depended 
upon the formation of a l i q u i d seal between the cone and 
socket. 
The tu rn ing mechanism was made gas t i g h t by gr inding the 
thickened part of the glass rod, R, into the c o n s t r i c t i o n , S, 
and placing mercury above the ground j o i n t so produced. The 
ground surfaces were held together by means of the spring, T, 
the force exerted on the gr ind ing being s l i g h t l y i n excess of 
tha t due to the atmospheric pressure when the b o i l e r was eva-
cuated. The large adjustable nut, V, was threaded over the 
braes sleeve, W, which was waxed onto the glass rod, R. The 
tension due t o the spring could be a l t e red by tu rn ing V. 
S• C o ndenser As sembly. 
The complete condenser arrangement is shown in Diagram 2. 
Very nearly a l l the ascending vapour was l i q u i f i e d by the s p i r a l 
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condenser. The subsidiary vapour t rap served the dual purpose 
if • '' ' - •/, 
of t rapping any unfondeneed vapour! and act ing as a safety de-
vice i n case of f a i l u r e of the system f o r c i r c u l a t i n g coolant . 
The cool ing c o i l , of the sp i ra l condenser was arranged 
to make the gas pa th to the top of the condenser as long as 
possible. Thermal in su la t ion was provided by means of a 
vacuum jacket . The coolant temperature was approximately 
-20°C. under operating condi t ions . 
The safety trap was e f f e c t i v e l y in series w i t h the s p i r a l 
condenser by v i r t u e of the l i q u i d seal in the S-bend (coloured 
i n r e d ) . Asbestos c l o t h and cot ton wool were used to lag the 
t r a p . The coolant was a mixture of acetone and s o l i d carbon 
dioxide, temperature -78°C. The t rap required recharging w i t h 
carbon dioxide about once every 5 hours. 
6. C i r cu l a t i ng and Re f r ige ra t i on System. 
The c i r c u l a t i n g and r e f r i g e r a t i o n system f o r providing 
coolant to the s p i r a l condenser is shown in Diagram 6. Cooling 
was provided by means of a £ horse power r e f r i g e r a t i o n u n i t . 
The coolant was cycled from the tank, which acted as a cold 
reservoi r , through the condenser. 
The e f f i c i e n c y of the r e f r i g e r a t i o n system na tu ra l ly 
f a l l s of sharply w i t h decreasing temperature. This provided 
a considerable d i f f i c u l t y , since i t was advisable to operate 
near the minimum r e f r i g e r a t i o n temperature, and yet the heat 
extractable in t h i s region was very small . 
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Thus i f the temperature was to be kept at -20°C. , only 
about 2© watts could be taken up, which meant that very l i t t l e 
heat could be allowed to leak in to the c i r c u l a t i n g system. 
Also tha t the pump i t s e l f should introduce as l i t t l e heating 
as possible. 
The cool ing c o i l of the r e f r i g e r a t i o n u n i t was inmersed 
in a thermally insulated tank. The tank, which consisted of 
a 12 ga l lon t l n p l a t e box, was lagged a l l round w i t h cork board 
to a depth of 8 inches, and f i n a l l y encased i n a closely f i t t i n g 
metal box. A water-proof sealing compound was used to s t i c k 
the cork together, thereby preventing water from condensing 
between the layers of cork. This tank was f i l l e d w i t h t r i -
c h i or ethylene (chosen because of i t s nonhy droscopic and non-
inflammable nature), and contained also a copper c o i l through 
which could be c i r cu l a t ed the alcohol used as, the medium f o r 
t r a n s f e r r i n g heat from the condenser to the co ld tank. A 
vacuum jacketed f l a s k was interposed, in the alcohol c i r c u l a -
t i n g system in order to provide a reservoir of alcohol which 
would n u l l i f y the e f f e c t of contract ion of s l i g h t loss of coo-
l a n t . 
A f t e r a number of unsat i s fac tory attempts, using gear pumps, 
sylphon bellows pumps, c e n t r i f u g a l pumps and p is ton pumps, a 
pump was f i n a l l y produced which met the requirements adequately. 
I t was of the eccentric vane type, driven by an e l e c t r i c motor 
n 
v. 
•0 
O ft) 
34. 
through a long thermally insulated -shaft, and. provided an ade-
quate f low rate!; (2-300. ml/min.) without permi t t ing excessive 
heat i n f l u x . The de ta i l s of construct ion w i l l be evident from 
Diagram 7. 
8,. Alarm System. 
The device shown in Diagram 8 was connected t o the ou t l e t 
.from the safety trap, and func t ioned asa an alarm system i n the 
event of f a i l u r e of the c i r c u l a t i n g system. The alarm consis-
ted of a Venturi- type flowmeter wi th e l e c t r i c a l contacts i n one 
limb so arranged that a small f low of gas along the ou t l e t tube 
was s u f f i c i e n t to cause the mercury thread to r i s e from A to B 
thereby completing the alarm b e l l c i r c u i t . The e f f e c t i v e 
length of the c a p i l l a r y tube was made adjustable by means of a 
closely f i t t i n g tungsten wire , which could be moved along the 
tube. 
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Feedback Bumpy 
The need f o r a c o n t r o l l e d , predetermined r a t e o f removal 
©f m a t e r i a l f r om the top o f the column has "been mentioned , see 
( I I I , p . 2 l ) . Continuous removal o f boron t r i c h l o r i d e f r o m the 
top ©f the column would q u i c k l y exhaust the s t i l l - p o t charge. 
To obv ia te t h i s d i f f i c u l t y the m a t e r i a l t aken o f f a t the top 
of the column was f e d back i n t o the s t i l l - p o t , thus conserv ing 
the charge of boron t r i c h l o r i d e . The pump which c a r r i e d out 
t h i s ope ra t i ng i s shown i n Diagram 9. 
The two s i n t e r e d d iscs which were permeable t o gas bu t not 
t o mereury, were arranged t o f u n c t i o n as non- re tu rn v a l v e s . 
The pumping a c t i o n was p rov ided by mercury f rom the r e s e r v o i r , 
R, which was evacuated and opened to the atmosphere i n t u r n . 
Thus when mercury was wi thdrawn f r o m the chamber, A, i t s p lace 
was taken by gas f r o m the top of the column, and not f rom the 
b o i l e r , s ince the mercury a t 8 prevented t h i s . On r e l e a s i n g 
the vacuum i n R, the mercury f i l l e d the chamber, and expressed 
the boron t r i c h l o r i d e i n t o the s t i l l - p o t . The arrangement 
c o n t a i n i n g the three-way tap, T, was p rov ided as a means f o r 
removing mercury f rom the po in t s X and Y i n the e v e n t u a l i t y o f 
mercury l e a k i n g through e i t h e r o f the s i n t e r e d d i s c s . 
The r e s e r v o i r , R, was p laced approximate ly 15 inches above 
the chamber, and i t s mercury charge p r o t e c t e d f rom l o s s by means 
vaPve 
pump 
atmo«pK*rc 
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o f the h a l l va lve , V . The process o f a l t e r n a t e l y evacuat ing 
and opening the r e s e r v o i r t o atmosphere was accomplished •by-
opening and c l o s i n g a va lve connected t o an a i r l eak i n the 
s u c t i o n l i n e . A synchronous motor -was used t o d r i v e a cam-
operated make and break, which i n t u r n ac tua ted the s o l e n o i d 
operated va lve f o r known time i n t e r v a l e . 
To prevent boron t r i c h l o r i d e condensing i n the pump, the-
whole assembly was immersed i n a water ha th kept a t ^ 2 © 0 G . 
The volume o f gas pumped per cyc le was measured u s i n g a i r , the. 
value ob ta ined f rom f o u r cyc les o f ope ra t i on was* 42 m l . , i . e . 
10.5 mly/l-k mins. f o r a double a c t i o n cam, and 21 m l . / l | - mins , 
f o r a quadruple a c t i o n cam. 
]%u Opera t ion of Column. 
The procedure employed i n c a r r y i n g but a. d i s t i l l a t i o n , 
f rom charging the b o i l e r t o removing m a t e r i a l f r o m the t o p o f 
the column, i s descr ibed below, w i t h the a i d o f a b lock diagram. 
The f r a c t i o n a t i n g assembly (Diagram 10) was evacuated, 
i n order t o remove any water vapour present i n the system. 
Boron t r i c h l o r i d e con ta ined i n vesse l J>, was a l l o w e d t o d i s t i l 
i n t o the system, by o f f n i n g the s i n t e r e d d i s c - t ype va lve , E. 
When the b o i l e r had been charged w i t h l i q u i d r e t u r n e d by the 
condenser, t a p F was opened, va lve E c losed and the small 
e l e c t r i c heaters at po in t s A, B and C swi tched on. These 
heaters served to prevent condensat ion i n the va r i ous side 
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arms, when the room temperature f e l l 1361011? the b o i l i n g p o i n t 
o f "boron t r i c h l o r i d e . 
The d i s t i l l a t i o n was commenced w i t h the b o i l e r heater 
ad jus t ed t o g ive the des i red b o i l - u p r a t e , and the f l o o d i n g 
va lve t u r n e d t o the f l o o d p o s i t i o n . When the column packing 
had become comple te ly submerged i n b o i l i n g l i q u i d , the va lve 
w ^ tu rned to a p o s i t i o n which a l l o w e d the slow r e t u r n of 
B C 1 3 t o the b o i l e r . When a l l excess l i q u i d had been dra ined 
o f f , and normal d i s t i l l a t i o n commenced, the feedback pump was 
switched on, i f i t was r e q u i r e d f o r the p a r t i c u l a r d i s t i l l a -
t i o n concerned. 
Dur ing the d i s t i l l a t i o n i t was necessary t o keep a con-
t i n u a l check on the f o l l o w i n g : vo l t age across the s t i l l - p o t 
heater; l e v e l o f a l c o h o l i n the r e s e r v o i r f o r the c i r c u l a t i n g 
system; and the amount o f s o l i d carbon d iox ide i n the s a f e t y 
t r a p . 
The removal o f samples f rom the top o f the column was 
accomplished by opening the s i n t e r e d d i sc - type va lve , 6, (shown 
i n d e t a i l i n Diagram 2 ) , and drawing o f f about 8© mis . ©f gas. 
T h i s was repea ted a t i n t e r v a l s , l o n g enough to a l l o w the 
column to r e - e q u i l i b r i a t e i t s e l f , and as o f t e n as necessary 
t o o b t a i n s u f f ic l e n t pro duct . 
r r 
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V . 
PREPARAT ION AND PURMCATION OF BORON TRICHLORIDE. 
A number o f methods f o r the p r e p a r a t i o n o f "boron t r i c h l o -
r i d e are a v a i l a b l e , but nea r ly a l l o f these s u f f e r f r om %%e 
disadvantage of g i v i n g a product which i s contaminated w i t h 
i m p u r i t i e s which are d i f f i c u l t t o remove. 
1 T Shaf ran 1 s Method of P r e p a r a t i o n . 
Shafran (29) has p o i n t e d out t h a t the c h l o r i n a t i o n of 
boron ca rb ide , according t o the equat ion; 
S C l g + B ^ ? Q , Q ° e > 4 B C l 3 H - c e i 4 
should g ive on iy the products i n d i c a t e d . I t was t h e r e f o r e 
cons idered w o r t h w h i l e t o adopt t h i s method of p r e p a r a t i o n . 
The apparatus used is shown in Diagram 1 1 . Chlor ine 
con ta ined in a c y l i n d e r was bubbled th rough a su lphur ic a c i d 
d ry ing b o t t l e , and then passed t h r o u g h a bed o f boron carb ide 
at ^900EC . , sulphur ie a c i d spray hav ing p r e v i o u s l y been r e -
moved i n the U-tube c o n t a i n i n g glass w o o l . The r e a c t ion pro-
ducts were c o l l e c t e d i n a t r a p Immersed i n a c o l d ba th (temp. 
approx. - 4 5 ° e . ) , any escaping c h l o r i n e or BC1„ be ing taken up 
o 
in the soda l ime tower. 
The c h l o r i n e c y l i n d e r was p r o t e c t e d f r o m su lphur i c a c i d 
by means of an empty Dreschel b o t t l e arranged as shown. The 
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ground g lass connect ions of these "bott les were secured w i t h 
b l ack wax. A number of connect ions were made us ing rubber 
t u b i n g , these were found s a t i s f a c t o r i l y t o w i t h s t a n d chemical . 
a t tack , and c o u l d be made gas t i g h t by b i n d i n g them w i t h w i r e . 
The product r ece ive r was connected t o the o u t l e t f r om the 
furnace tube by means o f a ground g lass j o i n t , l u b r i c a t e d 
w i t h S i l i c o n e grease, and h e l d toge ther fey s t rong e l a s t i c 
bands. 
C o n t r o l of the c h l o r i n e f l o w - r a t e was e f f e c t e d by a 
needle va lve a t t ached t o the c y l i n d e r , and a rough measure 
of t h i s r a t e ob ta ined by coun t ing the bubbles per u n i t time 
passing up the s u l p h u r i c a c i d b o t t l e . Caere was taken, i n 
packing the r e a c t i o n vesse l , not t o b lock the gas i n l e t tube; 
thus i t was necessary t o blow g e n t l y th rough the i n l e t tube 
dur ing t h e packing and again j u s t p r i o r t o passing c h l o r i n e 
th rough . A l u t e was p rov ided i n the c h l o r i n e f l o w l i n e t o 
prevent a b u i l d - u p of pressure i n case of b lockage . 
The r e a c t i o n vesse l was c o n s t r u c t e d f r o m s i l i c a t u b i n g , 
and the arrangement of the i n l e t and o u t l e t tubes f a c i l i t a t e d 
by means of a g lass adapter , which j u s t f i t t e d over the outs ide 
o f the t u b e . The glaes sleeve was waxed i n p o s i t i o n , and the 
wax prevented f rom s o f t e n i n g by means o f a water coo led metal 
c o i l wrapped around i t . 
The E l e c t r i c furnace used was o f the r e s i s t ance w i r e type 
wound on a l £ " diameter i r o n p ipe , and i n s u l a t e d w i t h alumina 
4©. 
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cement. The l a g g i n g was p rov ided by means -of magnesia 
compositon "bricks, the whole furnace assembly be ing con ta ined 
in an 18" cube asbestos board box. Rap id ly r a i s i n g the furnace 
to 900° or 1 0 0 0 ° e . caused i t t o bu rn out , a slow increase i n the 
a p p l i e d vo l t age be ing necessary ins tead, and even w i t h t h i s pre-
c a u t i o n the w ind ing would not w i t h s t a n d b e i n g r a i s e d t o such 
temperatures on more than a few occasions. I t i s b e l i e v e d 
t h a t t h i s i s not an i n f r e q u e n t f a i l i n g w i t h t h i s type of f u r -
nace. 
Boron carb ide i s a very ha rd abras ive , and t h i s may account 
f o r the f a c t t h a t i t was h e a v i l y contaminated w i t h i r o n . I t 
was t h e r e f o r e necessary t o p u r i f y the ca rb ide by successive 
d iges t ions w i t h 5®% n i t r i c a c i d , u n t i l the e x t r a c t was no longer 
deeply co lou red . The grade o f B4© f i n a l l y used was 100 mesh, 
and was found t o be q u i t e s a t i s f a c t o r y . 
In" most instances a f l o w r a t e of about 60 m l s . / m i n . o f 
c h l o r i n e was used and the product of the r e a c t i o n was a co lour -
l ess l i q u i d , a l t hough on severa l occasions c h l o r i n e a l so con-
tamina ted the p roduc t . 
2 . P u r i f i c a t i o n . 
The crude boron t r i c h l o r i d e probably con ta ined the f o l l o -
wing i m p u r i t i e s ; - CC1 4 , f rom the carbon; S i C l 4 , f r o m the s i l i c a 
r e a c t i o n tube; HC1 and oxides o f boron by h y d r o l y s i s o f B C 1 3 ; 
the h y d r o l y s i s products of S iC l4 ; G0C1 2 ; and C l £ . 
/ 
product 
receiver *-
r a w l r t r ^ulri 'n 
Fens Re 
•50 mP. 4« i f c r 
• 4 1 . 
( Chemical Methods o f P u r i f i c a t i o n . 
A p r e l i m i n a r y chemical t rea tment was a t tempted . The product 
was shaken w i t h mercury to remove the c h l o r i n e , "but t h i s proved 
r a t h e r i n e f f e c t i v e ow ing main ly t o the, c o a t i n g o f mercur ic c h l o r i d e 
which formed and prevented f u r t h e r chemical r e a c t i o n . T i n amal-
gam was t r i e d w i t h s i m i l a r r e s u l t s . M e t a l l i c ca l c ium was added 
t o remove HC1, and t h i s proved t o be q u i t e s u c c e s s f u l . No f u r -
ther chemical processes were attemp*e4i. 
( i i ) F r a c t i o n a l D i s t i l l a t i o n . 
Those batches o f product contaminated w i t h c h l o r i n e were 
p u r i f i e d i n an apparatus o f the type shown i n Diagram 18. Th i s 
d i s t i l l a t i o n assembly con ta ined no mercury, and g lass Fenske 
helices,:- were used as the column pack ing . The condenser was 
coo led by means of an acetone-sol i d carbon d iox ide m i x t u r e , and 
lagged w i t h c o t t o n wool and asbestos c l o t h . T a k e - o f f was by 
means of 1 i q u i d pa r t i t ion, t h rough a mechanica l ly c o n t r o l l e d 
ground glass needle v a l v e . 
The b o i l - u p r a t e was about 200 m l s / h r . , and the r e f l u x 
r a t i o about 15 to 1 . D i s t i l l a t e betw een 12® and 15®C. was 
c o l l e c t e d and t aken t o be boron t r i c h l o r i d e . 
The d i s t i l l a t i o n was e f f e c t i v e i n removing C lg ; a lso the 
b u l k of the S i C l 4 and CC1 4 , and a l l the i n v o l a t i l e i m p u r i t i e s , 
remained i n the s t i l l - p o t . 
( i i i ) Vacuum D i s t i l l a t i o n . 
A h i g h vacuum system, of the type f i r s t i n t roduced by A. 
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Stock (3G), was used f o r h a n d l i n g v o l a t i l e compounds.. The 
s ec t i on of the apparatus shown schemat i ca l ly i n Diagram 13, 
was used f o r the p u r i f i c a t i o n o f c h l o r i n e - f r e e "boron t r i c h l o -
r i d e . The impure BCI3 was d i s t i l l e d i n t o the vacuum system 
f rom a vesse l sealed on at A. Trap t o t r a p d i s t i l l a t i o n was 
t a r r i e d out i n the usual manner ( 3 0 ) , the temperature o f t r a p 
r 
B being - 7 b 0 C . ; t r a p C - 1 G 7 ° C ; and t r a p D be ing a t l i q u i d n i -
t rogen temperature, i . e . - 1 9 8 ° C . The vapour pressure o f the 
m a t e r i a l f r o m t r a p C was measured i n s e c t i o n E. 
3. P u r i t y of Pro duet . 
An est imate o f t h e p u r i t y of the product was made f r o m 
vapour pressure measurements a t severa l temperatures . The 
accuracy of the manometer readings were to about 4 ^ mm., and 
the temperature t o b e t t e r than 0 . 1 ° , near 0 ° C . 
An ana ly s i s o f the s i l i c a content of a sample of boron 
t r i c h l o r i d e , which was known to be s l i g h t l y impure, vapour pres-
sure 481 mm. a t 0°C. (pure BClg, 477 mm. at 0 ° C . ) , was c a r r i e d 
out as f o l l o w s : -
A known q u a n t i t y o f BC1 3 con t a ined i n a bu lb was condensed 
in to a smal l t r a p c o n t a i n i n g d i s t i l l e d wa te r . The t r a p was 
a l lowed t o warm up to about 1 ° C . when the c h l o r i d e r eac t ed 
w i t h the water f o r m i n g h y d r o c h l o r i c ac id , B g ° 3 a n d S i 0 2 » 
The contents o f the t r a p were c a r e f u l l y washed i n t o a 
s i l i c a eruc i b l e and evaporated t o dryness. A mix tu re of methyl 
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a l c o h o l ( 2 v o l s . ) and eoneentra ted s u l p h u r i c a c i d ( 1 v o l . ) was 
then added and gen t le h e a t i n g a p p l i e d . Boron was removed as 
methyl "borate. Th i s process was cont inued u n t i l the vapour of 
methyl a l c o h o l gave no green co lour on . i g n i t i o n , showing t h a t 
no boron remained. The conten ts of the c r u c i b l e weroe then 
taken t o dryness, and the c r u c i b l e heated t o a b r i g h t r e d . This 
removed a l l the carbon, r e s u l t i n g f rom char red methyl a l c o h o l , 
l e a v i n g on ly s i l i c a beh ind . The c r u c i b l e was a l lowed t o c o o l 
i n a desfecator and i t s increase i n weight determined. 
Resu l t s : • 
V o l . of bu lb s 56 3 mis . 
Pressure of B C l ^ i n bu lb > 278 mm. 
.* . Wt. o f boron i n bu lb « ©.09619 gms. 
Wt. of c r u c i b l e empty = 47.7967 gne. 
Wt. of c r u c i b l e S i 0 2 = 47.7999 gms. 
. Wt. of S i © 2 r 0.0032 gms. 
%StQ2 by w t . . 3 . 2 ^ 26 . 3 . 2 «g 
962 
% S i by w t . . 3.2 x 28 . 1.55* 
60 
% S i by atoms - 1.55 x 1Q.8 . 0 > 6 g 
28 
4. P r o p e r t i e s o f Boron T r i c h l o r i d e . 
I t has been f o u n d t h a t boron t r i c h l o r i d e w i l l a t t a c k Apiezon 
wax and greases, and d i sso lves s lowly i n S i l i c o n e g r e a s ® . Also 
the vacuum apparatus? became coated on the in s ide w i t h a t h i n 
f i l m of BgOg, which was presumably due t o r e a c t i o n w i t h absorbed 
44 
water . 
I r o n , tungs ten , and Nichrome were not a t t acked "by "boron 
t r i c h l o r i d e , and t h i s was probably due t o the s e l f dehydrat ing 
p r o p e r t i e s of such a r e a d i l y Kydro ly sable l i q u i d . 
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V I . 
> -IET3ffiIKA.TI.QN OF THE RELATIVE ISOTOPE RATI© OF BORON. 
A number of poss ib le methods f o r the de t e rmina t i on o f the 
1 1 B / l e B r a t i o are a v a i l a b l e ; The techniques considered are 
discussed "below. 
1 . Dens i ty Method. 
Of the va r ious dens i t y techniques a v a i l a b l e ; the g rad i en t 
tube method, the\ f a l l ing # rop method, and the f l o t a t i o n method, 
only the l a s t ment ioned is f e a s i b l e i n the boron t r i c h l o r i d e 
ease. Br i scoe and h i s c o l l a b o r a t o r s have used the f l o t a t i o n 
method t o determine the dens i ty of BClg i n t h e i r work on the 
n a t u r a l v a r i a t i o n o f the i s o t o p i c r a t i © of boron . Th i s method 
i n v o l v e d the p r e p a r a t i o n of two sets of f l o a t s w i t h d e n s i t i e s 
s l i g h t l y above and s l i g h t l y below the dens i ty of the l i q u i d at 
the proposed temperature of measurement. 
The d e n s i t i e s of f l u i d s i n which these f l o a t s were buoyant 
were determined as a f u n c t i o n o f temperature over a smal l 
r ange . From obse rva t ion o f the f l o t a t i o n temperature in the 
B C 1 3 samples, densi t ies , and thus i s o t o p i c r a t i o s were deduced. 
The d iscovery o f deuter ium and the subsequent need f o r an 
accurate method o f assaying the H/D r a t i o , gave r i s e t o f u r t h e r 
r e f inement s i n the f l o t a t i o n t echn ique . A small scale f l o t a -
t i o n method ( f o r 10 cc o f l i q u i d ) has been descr ibed by Br iscoe 
and h i s co-workers ( 3t) i n wh ich i t was pos s ib l e t o measure den-
s i t y d i f f e r e n c e s t o < 2 x 10" 7 g / c . c . These workers used 
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s i l i c a f l o a t s and found t h a t the r a t e o f r i s e or f a l l of the 
f l o a t was l i n e a r l y r e l a t e d to the d i f f e r e n c e between the f l o - \ 
t a t ion temperature ( f l o a t s t a t i o n a r y ) and? the temperature o f 
the sample be ing measured. 
I t should be noted t h a t t h i s method r e l i e s f o r i t s abso-
l u t e accuracy on the molecular volumes o f the i so top ic substan-
ces be ing i d e n t i c a l , unless separated m a t e r i a l o f known compo-
s i t i o n i s a v a i l a b l e to check the a c t u a l r e l a t i o n s h i p between 
densi ty and i so top ic compos i t ion . The most se r ious o b j e c t ipn, 
however, to t h i s technique f o r use i n measuring the - ^ B / ^ ^ B 
r a t i o , is the comparat ively l a r g e e r r o r in t roduced by a small 
amount of i m p u r i t y . The d i f f e r e n c e i n dens i ty between pj*re * 
1 3 - B C 1 3 and 1 0 B C 1 3 i s about 1%, ( d 1 0 o B C 1 3 , 1.434) . 
, Thus approximate ly Q,14#, of CG1 4 ( d 2 0 , 1.595) present would 
appear as a 1Q% change i n the i : L B / 1 0 B r a t i o . Small q u a n t i t i e s 
of S i d . 4 ( d 2 Q , 1 . 493) and HC1 would have a s i m i l a r e f f e c t on 
the value obta ined f o r the i eo top ic r a t i o . The same amount of 
impur i t y would only appear as a 0.2$ change i n the r a t i o , as 
measured by the neu t ron a b s o r p t i o n method discussed below. 
2 . Chemical Method. 
A number of workers have determined the atomic weight of 
boron by means o f the B C | 3 ; 3 Ag method. T h a t i s , by hydro-
l y s i n g the B C 1 3 , adding s i l v e r n i t r a t e and weighing 
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the AgGl produced. Here again, a small amount o f i m p u r i t y 
w i l l man i fes t i t s e l f as a l a r g e d i f f e r e n c e i n the i so top ie 
r a t i o . Th i s method was used by Br i scoe and h i s school , bu t 
l a t e r d iscarded i n f avour o f the f l o t a t i o n method descr ibed 
above. 
3. Maes S p e c t r o m e t r y Method. 
Dur ing t h i s work i t became p o s s i b l e t o have a mass spec-
t r o m e t r i e assay made of the boron t r i c h l o r i d e prepared f o r t h i s 
work. The vapour pressure of the sample sent f o r ana lys i s 
corresponded to t h a t g iven f o r B C I 3 by Stock and Pr iess ( 32). 
The r e s u l t s ob ta ined on an enr iched sample o f boron t r i c h l o r i d e 
are g i v e n i n Table I V . 
TABLE I V . 
• . Y 
Mass R a t i o Ions 
81 5.36 I : L B 3 5 C I 2 , 
80 1 0 B 3 5 G 1 2 
46 4. 44 1 L B 3 5 C l 2 
45 1 0 B 3 5 C 1 2 
11 5.36 1 1 , 
10 I O B 
( • N a t u r a l 1 H B / I & B r a t i o . 4 .3) 
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A great number c f peaks due apparen t ly t o the f o r m a t i o n 
of s tannic c h l o r i d e i n the spectrometer , were a lso f o u n d . 
Th i s s tannic c h l o r i d e presumably a r i ses as a r e s u l t .of the 
r e a c t i o n of h y d r o c h l o r i c a c i d and c h l o r i n e ( formed "by the . . 
decomposition of B C 1 3 ) w i t h the t i n i n the solder used i n the 
c o n s t r u c t i o n o f the spectrometer . T i n has ten s tab le isotopes, 
and i f account i s taken of the a s s o c i a t i o n of these w i t h d i f f e -
r en t arrangements ©fx the c h l o r i n e isotopes , and o f the poss ib le 
exis tence of m u l t i p l y - c h a r g e d ions, a very wide range of mass 
numbers can be accounted f o r . The discrepancy between the 
( B 3 5 CI J*" r a t i o on the one hand, and those f o r B~*~and 
( B s 5 C l g ) ^ " on the o ther c o u l d p o s s i b l y be accounted f o r by 
the presence of ( 1 2 0 S n 3 5 C 1 3 ) 5 ' V ions, which would c o inc ide 
w i t h (1®B35cx) a t mass 4 5 . I n any case the whole spectrum 
i s so complex t h a t l i t t l e u s e f u l quant i t a t ive work seemed 
.1 
poss ib l e w i t h i t . Qsberghaus ( 3 3 ) has r e c e n t l y i n v e s t i g a t e d 
the use of B C I 3 i n a mass spectrometer , and a r r i v e d at a 
s i m i l a r c o n c l u s i o n . < 
Since boron t r i f l u o r ide is a s u i t a b l e m a t e r i a l f o r mass 
spec t rometr ie work, the convers ion of B G I 3 t o BFg was c o n s i -
dered. Th i s r e a c t ion can be c a r r i e d out us ing s i l v e r f l u o -
r i d e at 2 0 0 ° C . as the f l u o r i n a t i n g agent . The disadvantages 
of such a process are: t h a t p a r t i a l enrichment o f one o f 
the isotopes might occur i f the r e a c t ion were not c a r r i e d t o 
•
 4 9 « 
coraplet ion; Urey p r e d i c t s a va lue o f approximate ly 1.-06 f o r the 
e q u i l i b r i u m constant o f t h i s exchange r e a c t i o n . I t i s l i k e l y 
t h a t some S i f ^ would "be in t roduced as an i m p u r i t y ; t h i s i s a 
substance which i s known t o "be d i f f i c u l t t o remove f r o m B F 3 , and 
the 2 9 S ' i P 2 peak would over lap t h a t f o r 1 0 B F 3 , w i t h the obvious 
r e s u l t i n g u n c e r t a i n t i e s . 
4. Neutron Absorpt ion Method. 
i s c h a r a c t e r i s e d "by a capture cross-sec t ion f o r t h e r m a l 
neutrons considerately greater t han any other n u c l i d e l i k e l y t o 
"be present , and t h i s has been made the "basis o f a method f o r 
comparing the 1 % contents of samples o f "boron compounds. 
Table V shows the magnitude o f t he capture c ross -sec t i on f o r 
substances l i k e l y t o be encountered; i t w i l l be seen t h a t the 
neutron abso rp t ion e f f e c t w i l l depend e s s e n t i a l l y on the - ^ B 
concent ra t ion and t h a t such a method w i l l be compara t ive ly i n -
s e n s i t i v e to the presence of i m p u r i t i e s . 
TABLE V . 
Hue 1 ide (barns) f o r thermal neutrons 
i o B 3835 
X 1 B 0.05 
CI 32.7. 
S i 0.25 
c 0.005 
0 0 .002 
©..31 
paraffin 
tiTfre 
neutron 
sources 
.proportional 
counter 
<; SA03 jatHet 
absorption/ 
Ofcoflfjfaw) 
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Apar t f r o n t h i s obvious advantage, i t may be noted t h a t t h i s 
technique employs e s s e n t i a l l y s tandard rieuclear p h y s i c a l appa-
r a t u s , and t h a t samples, a f t e r measurement, can be recovered 
unchanged. Th i s method has y i e l d e d q u i t e s a t i s f a c t o r y r e s u l t s * 
The sample whose mass spectrum i s quoted i n Table IV gave r e s u l t s 
by t h i s technique i n e x c e l l e n t agreement f o r the""iVolfb^lSci r a t i o 
as, "obtained f r o m mass- r a t i o s corresponding t o 81/80 and 11/1 Opeaks. 
( i ) Absorpt ion f e l l and Counter Arrangement. 
The most convenient arrangement f o r the meaeurenjent o f 
slow neutron abso rp t ion made -use^of a BFg f i l l e d neut ron counter 
surrounded by a j acke t which can be evacuated and f i l l e d a l t e r -
n a t i v e l y w i t h a n a t u r a l or an enr iched sample o f boron t r i c h l o -
r i d e . I n i t i a l l y the apparatus ehown i n Diagram ISAwas used, 
i n which the n f j u t r o n counter was a n o n - m u l t i p l y i n g i o n i e a t ion 
chamber f i l l e d w i t h boron t r i f l u o r i d e gas. U n f o r t u n a t e l y 
t h i s chamber d i d not g ive a s a t i s f a c t o r y coun t ing c h a r a c t e r i s -
t i c curve, presumably on account of i t s r a the r poor r a t i o of 
l i n e a r dimensions t o range, of the ok p a r t i c l e s f rom the r e a c t i o n : 
which i s the mechaniMa of d e t e c t i o n of slow neutrons used. 
As a r e s u l t , the neutron d e t e c t i o n e f f i c i e n c y was somewhat 
dependent on r a t h e r d i f f i c u l t l y c o n t r o l l a b l e f a c t o r s such ae? 
the exact mains supply vo l t age f o r the assoc ia ted e l e c t r o n i c 
equipment, and re l iab le r e s u l t s were ve ry d i f f i c u l t t o o b t a i n . 
T 
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A f a r more s a t i s f a c t o r y a l t e r n a t i v e scheme is shown i n 
Diagram 14. A B F 3 - f i l l e d p r o p o r t i o n a l counte r* was used, 
and waft- found t o g ive a s u b s t a n t i a l • p l a t eau ' r e g i o n on i t s 
c h a r a c t e r i s t i c curve, P i g . I V , which must r e s u l t i n e f f e c t i v e 
freedom f rom v a r i a t i o n o f s e n s i t i v i t y w i t h smal l changes i n 
opera t ing c o n d i t i o n s . I n f a c t , e x c e l l e n t l y cons i s t en t r e s u l t s 
were ob ta ined w i t h t h i s s%t-upi The counter a v a i l a b l e was 
r a the r l o n g ( l©" a c t i v e volume) and the most e f f e c t i v e absorp-
t i o n pa th l e n g t h : ; volume r a t i o was thought t o be ob ta ined 
w i t h a rough ly hemispheral chamber ( ~125 cc) f i t t e d i n t o the 
top o f the p a r a f f i n b l o c k i n which a neutron source 
( l g Ea - f lGg Be) was a l so placed, see Diagram 14. D i r e c t 
access of neutrons t o the counter w i t h o u t passing f i r s t th rough 
the a b s o r p t i o n chamber was prevented by encasing the counter 
tube i n a c y l i n d e r packed w i t h s u f f ie lent B 2 O 3 t o a t tenua te 
the neutrons i n c i d e n t upon i t , by a f a c t o r o f a t l e a e t 200. 
I n order t o m a i n t a i n a constant geomet r i ca l r e l a t i o n s h i p , 
the neutron source, abso rp t i on c e l l , and counter were r i g i d l y 
f i x e d r e l a t i v e t o one another, and t o the p a r a f f i n blocks 
The counter tube was f i l l e d w i t h BFg t o a pressure o f 
16 cm. o f mercury. 
ft . We are g r a t e f u l to the Atomic Energy Research Establ ishment , 
H a r w e l l , f o r the l o a n o f t h i s counter tube. 
2 
I 
r Ci 
(X 
- I * i vn 
4 0) 
52. 
( i i ) Assoc i a t e d E l e c t r o n i c Equipment. 
T h i s " i s shown schemat ica l ly i n Diagram 15. 
a) E .H.T . Supply: t h i s i s d e r i v e d f r o m an e l e c t r o n i c a l l y 
s t a b i l i s e d power u n i t which d e l i v e r s d .c . at 220© v . , the s t a -
b i l i t y be ing b e t t e r t han Q.1% under normal c o n d i t i o n s . The 
exact v o l t a g e needed f o r o p e r a t i o n of the p r o p o r t i o n a l counter 
was ob ta ined f rom a potent iometer connected across the supply ; 
r e s i d u a l 50 f\J r i pp le on the output was l ess t h a n 0 .01 v . 
This w a e reduced s t i l l f u r t h e r by an a d d i t i o n a l f i l t e r c i r c u i t 
( 0 . 1 yUf a w i t h 1 0 0 K i l se r i es r e s i s t ance ) p laced near t o the 
a c t u a l counter tube . Considerable care had t o be exerc i sed 
i n the t rea tment o f i n s u l a t i n g surfaces to e l i m i n a t e spurious 
pulses a r i s i n g f r o m l o c a l i n s u l a t i o n f a i l u r e s ; po lys ty rene was 
used wherever p o s s i b l e . 
b) A m p l i f i e r . Pulses f rom the p r o p o r t i o n a l counter ( whose 
anode was a t the h i g h p o t e n t i a l ) were f e d th rough a w e l l 
i n s u l a t e d R - C c i r c u i t ( lyUsec . t ime constant) t o a wide-
band p r e - a m p l i f i e r g i v i n g a ga in o f 100 t imes . 
The output f r om t h i s p r e - a m p l i f l e r was f u r t h e r a m p l i f i e d 
by an a-c coupled l i n e a r a m p l i f i e r capable of an a d d i t i o n a l 
ga in o f 16,000. Adequate output pulse ampli tude was ob ta ined 
w i t h a ga in of 1.5 x 1 0 5 . Con t ro l s were a v a i l a b l e t o a d j u s t 
the o v e r a l l .gain, the t ime constants of response of the a m p l i -
f i e r , and the p o l a r i t y o f the o u t p u t . The complete a m p l i f i e r 
cons i s t ed e s s e n t i a l l y of th ree ' r i n g - o f - t h r e e ' c i r c u i t s , w i t h 
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negative feedback over each r i n g . Power was p rov ided by an 
e l e c t r o n i c a l l y s t a b i l i s e d supply which was run f rom the mains 
through a c a r b o n - p i l e vo l t age r e g u l a t o r f o r a d d i t i o n a l s t a b i -
l i t y . 
c) Recording U n i t . Pulses f rom the p r o p o r t i o n a l counter,, 
a f t e r a m p l i f i c a t i o n , were f e d i n t o a pulse ampli tude d i s c r i m i -
na tor , which c o u l d be set t o d i f f e r e n t i a t e l between genuine 
events, and spur ious c i r c u i t ' n o i s e 1 , and thence t o a sca le-
of-lGO c i r c u i t d r i l l i n g a mechanical coun t i ng meter . 
d) ©sc i l l o s c o p e . The a m p l i f i e r output was a lso d i sp l ayed on 
a cathode ray o sc i l l o scope , which gave a most u s e f u l v i sua l* 
check on the performance of the apparatus, and p rov ided a sa-
t i s f a c t o r y c r i t e r i o n f o r r e j e c t i o n of r e s u l t s which were, 
f o r example, i n v a l i d a t e d by microphonic i n t e r f e r e n c e , 
( i i i ) Procedure ffsed f o r Betermining I s o t o n i c Ra t io f f 
For a measurement of the f r a c t i o n a t i o n produced by the 
column two samples were r e q u i r e d : one drawn f r o m the s t i l l - p o t , 
and the other f rom the top of the column, b o t h be ing t aken a f t e r 
the column was s u b s t a n t i a l l y i n e q u i l i b r i u m . I f the column 
was runn ing w i t h ' f e e d b a c k 1 , the s t i l l - p o t sample was wi thdrawn 
l a s t , a f t e r the r e c y c l i n g pump had been stopped, t o ensure t h a t 
the sample was not contaminated by enr iched m a t e r i a l be ing re turned 
t o the b o i l e r . The two samples were p u r i f i e d f o l l o w i n g the 
t rea tment o u t l i n e d on page42, and a ve ry c a r e f u l check of t h e i r 
3 
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vapour pressures made. Not u n t i l the vapour pressures corresponded 
t o t h a t o f pjare B C 1 3 at - 7 8 % . , 0 ° C . and 1 0 ° C . were the samples 
cons idered f i t f o r a n a l y s i s . 
The pure specimens were d i s t i l l e d i n t o the bulbs E and N 
i n the vacuum system shown schemat ica l ly i n Diagram 16. The 
procedure employed i n de te rmining the r e l a t i v e 1 0 B content of 
B O I 3 samples, f o l l o w s : -
a) The samples were kept f r o z e n i n the bulbs E and N, w i t h the 
valves © and P c losed, and the e n t i r e system evacuated. The 
t r ansmis s ion o f neutrons th rough the empty a b s o r p t i o n c e l l was 
measured f o r half 1-an-hour. 
b) The va lve © was opened and the BC]; 3 a l lowed t o v o l a t i l i z e 
f i l l i n g the abso rp t i on c e l l and the r e s t of the system. The 
pressure of gas was r o u g h l y a d j u s t e d t o t h a t r e q u i r e d , Valve 
0 was c losed and the pressure then a d j u s t e d a c c u r a t e l y t o the 
des i red val t le by means of the p i p e t t e , G. The temperature was 
noted and a. h a l f - h o u r e f t & t , t aken . ... 
c) The B G I 3 was condensed back i n t o E, the va lve c losed , ami 
the same procedure as (b) c a r r i e d out w i t h the other specimen. 
This represen ted one cyc le o f o p e r a t i o n . 
I t w i l l bee shown i n the f o l l o w i n g sect ion t h a t the l o g a r i t h -
mic r e d u c t i o n i n apparent neutron i n t e n s i t y (log*©.) i s p ropor-
t i o n a l t o the aggregate nuclear c r o s s - s e c t i o n o f the sample i n 
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the a b s o r p t i o n c e l l , and, w i t h app rop r i a t e allowance made f o r 
the ( compara t ive ly smal l ) c o n t r i b u t i o n f rom 1 3 - B C 1 3 t h i s p rovides 
a measure of the ^ B c o n c e n t r a t i o n i n the sample. Due allowance 
i s , o f course, made f o r s l i g h t changes i n temperature and pressure 
f rom one measurement t o another . 
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V I I . 
RESULTS. 
1 . R e p r o d u c i b i l i t y of Counting Measurements. 
As a check on the r e l i a b i l i t y of the method f o r e s t i m a t i n g 
1 0 B concen t r a t i ons , a se r ies of 60 3-minute measurements was 
made w i t h the a b s o r p t i o n c e l l a l t e r n a t e l y empty and f u l l of 
n a t u r a l BC1 , thue making a set o f 30 es t imates of the neutron 
3 v 
i n t e n s i t y and. a l so a set of 3© coun t ing r a t i o s r e p r e s e n t i n g , 
i n e f f e c t , 3© est imates of the boron c o n c e n t r a t i o n i n the 
abso rp t i on c e l l . These r e s u l t s have been sub jec ted t o s t a -
t i s t i c a l a n a l y s i s . 
The mean c o u n t i n g r a t e recorded w i t h c e l l evacuated was 
10343 per 3 minute i n t e r v a l . One would thus expect t o f i n d , 
on the assumption t h a t the on ly e r r o r s were the random sampling ' 
e r ro r s as soc i a t e d w i t h the d i s i n t e g r a t i o n process, t h a t the 
s tandard d e v i a t i o n would be 10343s 101^7. I n f a c t , the 
observed r o o t mean square d e v i a t i o n i s 115.5, which i s not 
s i g n i f i c a n t l y g r e a t e r . Th i s has been checked by the a p p l i -
c a t i o n of the "X^test; f o r the 30 " c e l l s 1 ' , having t h e r e f o r e 
g iven by F isher ( 3 4 ) , one ob ta ins P » 0.10 f o r 29 degrees 'of 
freedom and *)(, = 3 9 . 1 . There is^thus no c r i t e r i o n f o r r e -
j e c t i n g an hypothes is as t o the absence of other random e r r o r s . 
29 degrees of freedom, From the t a b l e e o f "X-")C i s 38 .7 . 
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This r e s u l t is impor tan t , since i t j u s t i f i e s a cons iderable 
r e l a x a t i o n of the coun t i ng r o u t i n e , r ende r ing i t unnecessary 
to take readings at auch f r equen t i n t e r v a l s . The r o u t i n e 
even tua l l y used i n v o l v e d g^3©»-minute counts i n a r o t a t i o n 
w i t h , (a) c e l l evacuated, (b) c e l l f i l l e d w i t h ' n a t u r a l ' 
BG1 3 and, (c ) c e l l f i l l e d w i t h ' enriched* B C 1 3 . t h i s e j ie le 
of measurements was repeated u n t i l s u f f i c i e n t s t a t i s t i c a l 
accuracy was ob ta ined . 
The ^ t e s t - w a s a lso a p p l i e d t o the l o g a r i t h m i c r e d u c t i o n 
i n coun t ing r a t e observed w i t h the 30 measurements made w i t h 
the c e l l f i l l e d w i t h B C 1 3 . (These measurements were made 
a t as nea r ly as poss ib le cons tant temperature and pressure, ' 
and the r e s u l t s c o r r e c t e d t o s tandard values o f 17°C . and 
635 mm. r e s p e c t i v e l y ) . 
I n t h i s case the mean value of the l o g a r i t h m i c r e d u c t i o n 
was1 0 .0691, w i t h r . m . s. d e v i a t i o n 0.0130, compared t o a c a l c u -
l a t e d value of 0 . 0 1 4 1 . } C f ©rr t h i s set o f - measurements was 
eva lua ted and found to be 2 5 . 5 . , corresponding t o a value of 
0.60 f o r P; i . e . there is , s t a t i s t i c a l l y , a 60$ p r o b a b i l i t y 
t h a t a value g rea te r than t h i s would have been found . The 
v a l i d i t y of the techniques f o r coun t ing and f o r f i l l i n g the 
abso rp t i on c e l l t h e r e f o r e seem w e l l e s t a b l i s h e d . 
I t may be added t h a t the day-to-day s t a b i l i t y o f the 
apparatus i s not i n v o l v e d a t a l l , sjjnce the cyc le o f coun t ing 
t 
U4 
MI 
o 5 5 5 5 £ s 
58 . 
o p e r a t i o n s was a lways a r r a n g e d t o i n c l u d e c o r r e s p o n d i n g samples 
f r o m t o p and "bottom o f t h e c o l u m n ; t h e r a t i o o f 1 0 B c o n t e n t s 
( w h i c h i s needed t o e v a l u a t e d ) s h o u l d t h e r e f o r e "be i ndepen -
dent o f any l o n g - t e r m v a r i a t i o n s i n c a l i b r a t i o n , 
2 . R e l a t i o n s h i p Between N e u t r o n A b s o r p t i o n and 1 € ) B C o n c e n t r a t i o n . 
I n t h e i d e a l case, w i t h a p a r a l l e l beam o f n e u t r o n and 
good geomet ry , one w o u l d e x p e c t an e x p o n e n t i a l r e d u c t i o n o f 
n e u t r o n i n t e n s i t y w i t h i n c r e a s i n g " n u c l e a r d e n s i t y " o f t h e 
a b s o r b i n g ma te r i a l . The exper i m e n t a l s e t - u p a c t u a l l y uee.d 
by no means a c h i e v e d p e f f e c t i on o f g e o m e t r i c a l ^arrangement, , 
b u t , b y t he use o f a r o u g h l y h e m i s p h e r i c a l a b s o r b i n g chamber, 
n e a r l y e q u a l p a t h l e n g t h s i n a l l d i r e c t i o n s c o u l d be expec-
t e d . 
I n Figuse V . i s p l o t t e d t h g l o g a r i t h m i c r e d u c t i o n i n neu-
t r o n i n t e n s i t y as a f u n c t i o n o f p r e s s u r e o f n a t u r a l B G 1 3 i n 
t h e a b s o r b i n g c e l l and i t w i l l be seen t h a t t h e a s s u m p t i o n 
o f e x p o n e n t i a l a b s o r p t i o n i s i n f a c t j u s t i f i e d . I t i s 
c l e a r t h a t a n e q u a l e f f e c t w o u l d be p roduced by any a b s o r b e r 
o f e q u i v a l e n t a g g r e g a t e n u c l e a r c r o s s - s e c t i o n , and t h a t , t o 
the e x t e n t t h a t t h e n e u t r o n c r o s s s e c t i o n s o f o t h e r n u c l e i 
are n e g l i g i b l e compared t o t h a t f o r 1 0 B , t h e l o g a r i t h m i c 
r e d u c t i o n w i l l be p r o p o r t i o n a l t o t h e 1©B c o n t e n t o f samples 
measured a t c o n s t a n t t e m p e r a t u r e and p r e s s u r e . 
I n f a c t , t h i s s i m p l i f i c a t i o n i s h a r d l y j u s t i f i e d , as w i l l 
59 . 
"be c l e a r f r o m Tab le V . The n e u t r o n a b s o r p t i o n c r o s s s e c t i o n 
o f C I i s n o t n e g l i g i b l e , and t h e ' e f f e c t i v e c r o s s s e c t i o n f o r 
B C l j j o f x atom p e r c e n t 1 ( % w i l l be 
( 38 3 5 ^ + 0 . 0 5 ( 1 - ^ ) + 3 x 32.7) b a r n s . 
We can t h e r e f o r e w r i t e 
K l n | ^ s p( 3 8 3 5 ^ L j 1-98) 
1©Q 
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the 1**B c o n t r i b u t i o n h a v i n g been n e g l e c t e d . The p r o p o r t i o n a -
l i t y c o n s t a n t K c a n be e v a l u a t e d u s i n g t h e d a t a f o r n a t u r a l 
B C 1 S ( l ^ B r 1 8 . # ) . 
I n t h i s e x p r e s s i o n I Q a n d ' I a re t h e measured n e u t r o n 
i n t e ne i t i e s w i t h t h e a b s o r p t i o n c e l l r e s p e c t i v e l y empty and 
f u l l and p i s t h e p r e s s u r e o f B C I 3 i n mm. H g . ; a v a l u e o f 
5 .65 x i e | j (•"barns x mm. p r e s s u r e ) has been 'b%ta^§fed f o r K 
i n our p a r t i c u l a r a r r angemen t . 
For use i n Cohen ' s e q u a t i o n , r e l a t i n g f r a c t i o n a t i o n t o 
p r o d u c t i o n , i s o t o p e r a t i o s r a t h e r t h a n s i n g l e i s o t o p e pe r -
cen tages are needed; 
4 4 « N n / ( l - N f t | 
? W N z / ( l - N _ ) 
and accoun t must be t a k e n o f the change i n r e s u l t i n g f r o m t h e 
1 % change i n t h e f r a c t i o n a t fen. T h i s w o u l d b e a mere f o r m a -
l i t y werie t h e n a t u r a l 1 0 B pe rcen tage n o t so l a r g e . I f R i s 
t h e r a t i o # f 1 @ B c o n t e n t a t t h e t o p and b o t t o m o f t h e co lumn 
( * N 0 / N z ) , f i e n 
/ r ( @ ) - n ( 1 - 0 . 1 8 4 ) r 0 .186 
P ' r(zT (1-G.164KY" .1-0. 184 R 
assuming t h a t t h e s t i l l - p o t c h a r g e has e s s e n t i a l l y t h e n a t u r a l 
b o r o n r a t i o . 
3. R e s u l t s o f 1) i s t i l l a t i o n . 
The exper i m e n t a l d a t a f r o m w h i c h cA i s c a l c u l a t e d c o n s i s t 
o f r a t i o s o f b o r o n - 1 0 c o n t e n t s o f samples t a k e n f r o m t o p and 
b o t t o m o f the column* when r u n n i n g (a) under t o t a l r e f l u x 
a n d (b ) w i t h a p r e d e t e r m i n e d r a t e o f t a k e - o f f . Nine c y c l e s 
o f h a l f - h o u r n e u t r o n c o u n t s were mads on each p a i r , o f samples ; 
q u o t e d e r r o r s are e x p e r i m e n t a l s t a n d a r d d e v i a t i o n s , and a re i n 
J o e d agreement w i t h v a l u e s c a l c u l a t e d assuming a P o i s s o n i a n 
d i s t r i b u t i o n . The r e s u l t s are summarised i n T a b l e V I . 
i i - . - i i L i l S — - « - -
* S m a l l d e v i a t ions f r o m t h i s aeeumpt ion w i l l n o t i n t r o d u c e 
a p p r e c i a b l e e r r o r s . 
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6 2 . 
4 . C a l c u l a t ion, e f ck and Column P l a t a g e . 
S ince <A i s c l e a r l y v e r y near t o u n i t y , and p the f r a c t i o n 
o f t he t o t a l f l o w drawn o f f i s s m a l l , Cohen 's e q u a t i o n r e l a t i n g 
f r a c t i o n a t i o n t o p r o d u c t i o n ( e q u a t fen (2 ) p . 14) c an "be r e -
w r i t t e n : 
J ©• - 1 
(©i s - Qt t he s u b s t i t u t i o n b e i n g necessa ry t o make Cohen 's 
n o m e n c l a t u r e c o n f o r m t o U r e y ' s ( 8) .- ) 
S u b s t i t u t i o n o f fi0 and i n t o t h i s e q u a t i o n g i v e s , by 
s u c c e s s i v e a p p r o x i m a t i o n , a v a l u e o f where 
Knowing p , cX. may t h e n be deduced. F u r t h e r m o r e under 
t o t a l r e f l u x , . 
where n i s t h e number o f e q u i v a l e n t t h e o r e t i c a l p l a t e s i n t h e 
co lumn, and t h i s q u a n t i t y can, t h e r e f o r e a l s o be deduced. 
TABLE V I I . 
E v a l u a t i o n o f 
Run 
No. ' w m l / h r x l O 3 
Mean 
1 
2 
420 
840 
6 .47 
12 .9 4 
0 .85 45*0.009 
0 . 8 9 9 * 0 . 0 1 3 
5 . 4±0 . 6 
9 . 2 * 1 . 5 
0 . 9 9 8 8 * 0 . 0 0 0 1 
0 .9986*0 .0002 
0 . 9 9 8 7 * 0 . 0 0 © ' 
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S u b s t i t u t i n g t h i s v a l u e i n t o t h e r e l a t i o n s h i p 
we o b t a i n n = 242 p l a t e s , w i t h a s t a n d a r d d e v i a t i on w h i c h i s 
r a t h e r h i g h , ^ 20 p l a t e s , on accoun t o f t h e s m a l l v a l u e o f 
( 1 - * ) . 
5 . E r r o r s i n R e s u l t s . 
By p a r t i a l d i f f e r e n t i a t i o n , v a l u e s o f , and , can 
d©' Aft' 
be o b t a i n e d , f r o m w h i c h one can deduce ^ and U s i n g 
t h e n u m e r i c a l v a l u e s o f t he se q u a n t i t i e s , i n t h e g e n e r a l 
• f o r m u l a f o r t h e p r o p a g a t i o n o f e r r o r s , we o b t a i n : -
where t h e cr»s a re t h e s t a n d a r d d e v i a t i o n s f o r t h e q u a n t i t i e s 
i n d i c a t e d b y s u b s c r i p t s . I n p r a c t i c e , w i t h our r e s u l t s , v i r -
t u a l l y t he whole u n c e r t a i n t y i n i s a t t r i b u t a b l e t o t h e e r r o r 
i n #\ a l l o t h e r u n c e r t a i n t i e s ( s u c h as t hose i n t h e b o i l - u p 
r a t e e s t i m a t i o n , r a t e o f t a k e - o f f , e t c . ) appear t o be n e g l i g i -
b l e . E r r o r s q u o t e d i n Tab l e V I I have been computed f r o m t h i s 
f o r m u l a , u s i n g t h e v a l u e s o f t he v a r i o u s q u a n t i t i e s l i s t e d i n 
1 T a b l e V I I I . 
TABLE V I I I 
E r r o r C a l c u l a t i o n . 
Run 
w 
a y 
1 6 5 . 7 6 .05 0 .009 © . 6 0 0'. QQ%|: 
0 . 0 1 4 
2 115 .0 5.85 0 . 0 1 3 1.50 0.000 2 
6 4 . 
V I I I . 
DISCUSSION. 
'A. Pr ae t ic a l Afep.e.c t s . 
The degree ©f e n r i c h m e n t o f b o r o n i s o t o p e s needed f o r any 
p a r t i c u l a r a p p l i c a t i o n w i l l o b v i o u s l y depend q u i t e s t r o n g l y on 
t he n a t u r e o f t h e a p p l i c a t i o n . For many n u c l e a r purposes 
m a t e r i a l o f perhaps 9©# l e B c o n t e n t w o u l d be needed, and t h i s 
c o u l d c l e a r l y no t . be a c h i e v e d w i t h a r e a c t i o n h a v i n g an e q u i -
l i b r i u m c o n s t a n t o f 0 . 9 9 8 7 . 
For t r a c e r a p p l i c a t i o n s , t h e c o n c e n t r a t i o n needed depends 
on t h e degree o f d i l u t i o n t o be e x p e c t e d , and on t h e p r e c i s i o n 
o f t h e method o f a ssay . Mass s p e c t r o m e t r ic methods f o r some 
e lements ( n o t a b l y C and % } , have been p r e s s e d t o a v e r y h i g h 
degree o f p r e f j i s i o n , b u t i n t h e b o r o n case i t appears t h a t an 
accu racy o f \ % i n t h e i s o t o p e r a t i o i s about as much as one 
c o u l d e x p e c t t o a c h i e v e w i t h o u t e x c e s s i v e l a b o u r . I n a d d i -
t i o n t h e r e i s a l s o i n h e r e n t t h e p o s s i b i l i t y o f s l i g h t f r a c t i o -
n a t i o n o c c u r r i n g d u r i n g t h e c o n v e r s i o n o f t h e r e a c t i o n p r o d u c t s 
i n t o I P g or some o t h e r compound s u i t a b l e f o r mass s p e c t r o m e t r i c 
w o r k . The n e u t r o n a b s o r p t i o n t e c h n i q u e adop t ed i n t h i s w o r k 
has p r o v e d c a p a b l e o f a p r e c i s i o n o f abou t \% on abundance 
r a t i o s , and w i t h some e l a b o r a t i o n t h i s a l s o c o u l d p r o b a b l y be 
improved by a f a c t o r o f two or so ( e . g . b y l o n g e r c o u n t i n g , or -
6 5 . 
by i n c r e a s i n g t h e t h i c k n e s s o f t h e a b s o r p t i o n c e l l ) . I t 
seems l i k e l y , i n f a c t , t h a t one has t o f a c e an e r r o r o f %% 
i h t h e a n a l y t i c a l d a t a , however o b t a i n e d . 
The degree o f d i l u t i o n o f t h e t r a c e r i s more d i f f i c u l t 
t o s p e c i f y ; b i o l o g i c a l e x p e r i m e n t s , f o r example , f r e q u e n t l y 
r e s u l t , o f n e c e s s i t y , i n a v e r y l a r g e d i l u t i o n f a c t o r . For 
t h e sake cf i l l u s t r a t i o n , however , one m i g h t c o n s i d e r an 
exchange r e a c t i o n i n w h i c h e q u a l q u a n t i t i e s o f * l a b e l l e d ' and 
' u n l a b e l l e d ' m a t e r i a l were u s e d . A t e q u i l i b r i u m , t h i s w i l l 
r e s u l t i n a bQ% r e d u c t i o n i n t h e e n r i c h m e n t , a » d i f one wan t s 
t o observe t h e r a t e o f app roach t o e q u i l i b r i u m , measurements 
w i l l have t o be made when t h e r e a c t i o n i s , say, o n l y ^ c o m p l e t e . 
T h i s w i l l t h e n g i v e an 8 - f o l d d i l u t i o n o f t h e t r a c e r m a t e r i a l , 
and, t o a c h i e v e a 5% a c c u r a c y on t h e e s t i m a t e o f t h e degree o f 
c o m p l e t i o n o f t h e r e a c t i o n , ' l a b e l l e d ' m a t e r i a l o r i g i n a l l y 
e n r i c h e d t o about 56% ^®B w o u l d be needed. 
For t he B G l g d i s t i l l a t i o n , an o f ©,9©87 has been measured 
t o p roduce m a t e r i a l o f 36% w o u l d r e q u i r e a co lumn o f about 
62© t h e o r e t i c a l p l a t e s , and t h i s w o u l d c e r t a i n l y need t o be 
s u b d i v i d e d t o b r i n g t h e e q u i l i b r i u m t ime t o a r e a s o n a b l e valu,e<. 
I t t h u s appeals t h a t t h e method i s n o t i m p o s s i b l e , p r o v i d e d , 
c o m p a r a t i v e l y s m a l l e n r i c h m e n t s c a n be u t i l i s e d , a l t h o u g h even 
t o p roduce m a t e r i a l as d e s c r i b e d above w o u l d r e q u i r e a co lumn 
o f t h r e e t i m e s as many p l a t e s as t h a t u s e d i n t h e p r e s e n t i n v e s -
t i g a t i o n . 
66 
Bi". T h e o r e t i c a l I m p l i c a t i o n s . 
The c a l c u l a t i o n o f t h e equ i l i b r ium c o n s t a n t s f o r i s o t o p i c . 
exchange r e a c t i o n s by t h e methods o f s t a t i s t i c a l mechanics has 
y i e l d e d r e s u l t s w h i c h a r e , i n g e n e r a l , i n r e m a r k a b l y good 
agreement w i t h e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s . The method 
used i n making such c a l c u l a t i o n s has a l r e a d y been o u t l i n e d 
( I I p . 8 ) , ' and i t w i l l be remembered t h a t t h e e q u i l i b r i u m c o n -
s t a n t s a r e deduced f r o m t h e p a r t i t i o n f u n c t i o n s f o r t h e v a r i o u s 
components o f t h e sys t ems . 
I t i s t h e n o r m a l p r a c t i c e , when d e a l i n g w i t h sysNtems i n v o l -
v i n g condensed phases, t o a p p l y an i d e a l gas p a r t i t i o n f u n c t i o n 
t o a l l o f t h e components . T h i s i s n e c e s s i t a t e d by t he absence 
o f an adequate g e n e r a l t h e o r y o f t h e l i q u i d s t a t e , and j u s t i f i e d 
by t h e assumpt ton t h a t d e v i a t i o n s f r o m i d e a l gas behaviour - , 
w h i c h must be q u i t e c o n s i d e r a b l e i n a condensed phase, w i l l be 
t he same f o r b o t h i s o t o p e s i n v o l v e d , and w i l l t h e r e f o r e , c a n c e l 
when t h e r a t i o s o f t h e r e l e v a n t p a r t i t i o n f u n c t i o n s a re c o n s i -
d e r e d . I t i s t h e a im o f t h i s d i s c u s s i o n t o q u e s t i o n t h i s 
a s s u m p t i o n , and t o i n d i c a t e a p o s s i b l e l i n e o f a t t a c k on t h e 
p r o b l e m . 
Such c a l e u l a t ions r e q u i r e d a t a on t h e v i b r a t i o n a l f r e q u e n -
c i e s ©f each o f t h e components i n v o l v e d , i n t h e i r a p p r o p r i a t e 
phases . F o r t h e more abundant i s o t o p e s t hese v a l u e s are 
u s u a l l y a v a i l a b l e f r o m t h e i r i n f r a - r e d or Raman s p e c t r a , b u t 
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t h e d a t a f o r ' r a r e ' i s o t o p e s have m o s t l y t o be o b t a i n e d w i t h t h e 
h e l p o f t he T e l l e r - R e d l i c h p r o d u c t r u l e ( 3 5 ) . T h i s r u l e 
i m p l i e s the i n v a r i a n e e o f m o l e c u l a r f o r c e c o n s t a n t s under 
i s o t o p i c s u b s t i t u t i o n , an<fc appears t o h o l d r i g o r o u s l y i n the 
gaseous phase, w i t h t h e p o s s i b l e e x c e p t i o n o f some h y d r o g e n / 
d e u t e r i u m s u b s t i t u t i o n s . There i s r e a s o n , , however , t o ques-
t i o n t h e e x a c t v a l i d i t y o f t h i s r u l e when a p p l i e d t o condensed 
phases . I t i s w e l l known t h a t a s h i f t i n t h e m o l e c u l a r f r e -
quency o c c u r s on g o i n g f r o m t h e gaseous phase t o t h e l i q u i d 
or s o l i d phase ( 3 6 ) , and t h e r e i s e v i d e n c e a l s o t h a t t h e 
magni tudes o f s u c h s h i f t s on i s o t o p i c s u b s t i t u t i o n w i l l n o t 
n e c e s s a r i l y be t h o s e p r e d i c t e d f r o m t h e P r o d u c t R u l e . 
I f t h e f u n d a m e n t a l v i b r a t i o n s a re s i m p l e harmonic i n na-
t u r e , t h e n we can r e g a r d t h e f r e q u e n c y s h i f t on p a s s i n g f r o m 
the ( u n p e r t u r b e d ) gaseous m o l e c u l e t o t h e same m o l e c u l e i n a ' 
l i q u i d ©r s o l i d e n v i r o n m e n t as e q u i v a l e n t t o t h e a l g e b r a i c 
a d d i t i o n o f ©iam;p©nent:e"'"af;g?the f o r c e c o n s t a n t s be tween t h e 
m o l e c u l e s t © each o f t h e o r d i n a r y i n t r a - m o l e e u l a r f o r c e c o n -
s t a n t s . I f t h e T e l l e r - R e d l i c h r u l e i s n o t s t r i e t l y obeyed 
i n t h e condensed phase t h e n t h e a d d i t i o n a l r e s t o r i n g f o r c e 
can be r e g a r d e d as b e i n g dependent upon t h e i s o t o p i c n a t u r e 
o f t h e m o l e c u l e . T h i s i m p l i e s a d i f f e r e n c e i n t h e ' c o n f i g u -
r a t i o n a l ' e n e r g ^ o f t h e m o l e c u l e s . Such d i f f e r e n c e s can be 
e v a l u a t e d i n t e r m o f t h e f r e q u e n c y changes w h i c h occur f o r t h e 
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two t y p e s o f m o l e c u l e s on condensa t i o n , and w i l l l e a d t o d i f -
f e r e n c e s be tween t h e c o n f i g u r a t i o n a l p a r t i t i o n f u n c t i o n s o f the 
i s o t o p i e s p e c i e s . 
The i n t e r a c t ion energy be tween a m o l e c u l e and the s u r r o u n -
d i n g l i q u i d w i l l depend upon a number o f f a c t o r s . For non-
p o l a r m o l e c u l e s the most i m p o r t a n t o f t hese w i l l u s u a l l y b i e ^ h j l ; 
' d i s p e r s i o n f o r c e s ' , d i s c u s s e d by London ( 37), w h i c h have 
been c o n s i d e r e d t o be independent o f t h e i s o t o p i c c o m p o s i t i o n 
o f t h e subs tance , s i n c e o n l y ' o p t i c a l ' t r a n s i t i o n moments a r e 
n o r m a l l y i n c l u d e d . The s m a l l c o n t r i b u t i o n s t o t h e i n t e r a c -
t i o n energy a r i s i n g f r o m t h e d i p o l e moments o f i n f r a - r e d t r a n s -
i t i o n s , were n o t c o n s i d e r e d i n L o n d o n ' s o r i g i n a l p a p e r . These 
are o f l i t t l e . impor t ance i n a s s e s s i n g t h e t o t a l i n t e r a c t i o n 
energy , b u t we a r e now i n t e r e s t e d i n s m a l l d i f f e r e n c e s i n 
energy w h i c h w o u l d be s u f f i c i e n t t o i n f l u e n c e i s o t o p i c e q u i -
l i b r i a . I t i s easy t o see, i n a q u a l i t a t i v e way, t h a t t he se 
" i n f r a - r e d d i s p e r s i o n f o r c e s " w i l l i n g e n e r a l be d i f f e r e n t f o r -
i s o t o p i c m o l e c u l e s , and i t w i l l be shown, f o r t h e b o r o n t r i -
c h l o r i d e case , t h a t t h e :d i f ; f erenc es a r e o f t h e c o r r e c t o rde r 
o f m a g n i t u d e . 
1 . E v a l u a t i o n o f t h e Conf i g u r a t i ibna l P a r t i t i o n F u n c t i o n R a t i o . 
F i r s t o f a l l we. s h a l l c o n s i d e r a p a i r o f i s o t o p i c ©ne-
dim ens i o n a l ha rmonic osc i l l a t o r s , and assume t r u e harmonic i t y > 
f o r t h e g r o u n d s t a t e v i b r a t i o n s . For m o l e c u l e s i n t he gas phase 
w h i c h w i l l c o r r e s p o n d t o u n p e r t u r b e d o s c i l l a t o r s , we s h a l l , 
have, t a k i n g t h e z e r o - p o i n t energy as £hco: 
f . 4^ra%2 - 4 « 2 m ' 2 ^ 2 f 
and 
x 0 . ^ " j f h / m c ^ ; <x ! 0 2 . $0h/m*ofy 
where f i s t h e restoring f o r c e c o n s t a n t (assumed t h e same f o r 
b o t h s p e c i e s ) ; c ^ © , ^ are t h e u n p e r t u r b e d v i b r a t i o n f r e q u e n c i e s ; 
m, m' t he r e d u c e d masses; - and x 0 , x 0 t h e a m p l i t u d e s o f v i b r a -
t fen. The p r i m e d q u a n t i t i e s r e f e r t o t h e o s c i l l a t o r a f t e r 
i s o t o p i c s u b s t i t u t i o n . 
I n a condensed phase we can r e g a r d , t o a f i r s t o r d e r o f 
a p p r o x i m a t i o n , t h e p e r t u r b a t i o n s as r e s u l t i n g i n t he r e p l a c e m e n t 
o f f by a new f o r c e c o n s t a n t f t -6 , we have t h e n : 
f - ^ m w S '. f t S 1 s , 4F 2 m»u;»2 ; 
and 
x 2 = jftxtynijo ; x ' 2 - ^ h / m ' W 
where the<J 5s a r e t h e f r e q u e n c i e s o f t h e p e r t u r b e d osc i l l a t o r s , 
and t h e & ' s r e p r e s e n t t h e a l g e b r a i c i n c r e a s e i n t h e net r e s t o r i n g 
f o r c e c o n s t a n t r e s u l t i n g f r o m f o r c e s be tween t h e o s c i l l a t o r s i n 
t h e condensed phase . These may, b u t need no t n e c e s s a r i l y , be 
t h e same f o r t h e two s p e c i e s . 
I t w i l l be a p p a r e n t t h a t any i n t e r a c t i o n energy c a l c u l a t e d 
f r o m t h e change i n m o l e c u l a r f r e q u e n c i e s on c o n d e n s a t i o n w i l l 
have no a b s o l u t e s i g n i f i c a n c e . I t i s n o t u n r e a s o n a b l e , 
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however , t o r e g a r d t h e i e o t o p i e d i f f e r e n c e be tween these 
q u a n t i t i e s as r e p r e s e n t i n g t h e d i f f e r e n c e s i n i n t e r a c t i o n o f 
t he r e s p e c t i v e i s o t o p i c m o l e c u l e s w i t h t h e i r e n v i r o n m e n t s . 
I f we c o n s i d e r t h e o s c i l l a t o r a t i t s ext reme d i s p l a c e m e n t , t h e 
energy o f t h e i n t e r a c t i o n w i l l be £ £ x 2 , b u t t o o b t a i n t h e com-
p a r a t i v e d i f f e r e n c e i n p o t e n t i a l energy i t w i l l be necessa ry 
f i r s t t o s u b t r a c t t h e change i n z e r o - p o i n t energy o f v i b r a t i o n 
w h i c h has accompanied c o n d e n s a t i o n . The d i f f e r e n c e o f c o n -
f i g u r a t i o n s ! e n e r g i e s o f t h e ex t reme d i s p l a c e m e n t s , w i l l 
t h e r e f o r e be g i v e n b y ; 
4 V m a x - ( i i x 2 - •*6 ' x»8) - ( £ h u > - £ h w 0 ) + (±hft>« - £ho>«) 
On t he average , however, t h e i n t e r a c t i o n be tween s i n u s o i d a l os-
c i l l a t o r s , b e i n g s i n 2 - d e p e n d e n t , w i l l be o n l j r h a l f t h e q u a n t i t y , 
and so the e f f e c t i v e d i f f e r e n c e i n c o n f i g u r a t i o n a l energy be tween 
t h e two i s o t o p i c subs tances and t h e i r e n v i r o n m e n t s w i l l be : 
4V r - £ h - . 
8 [ ( w - w t ) . {*>0-CJ')J ( 1 ) 
The e x t e n s i o n o f t h e arguments f r o m a one dime ns i o n a l - e s c i l l a t o r 
t o a p o l y a t o m i c m o l e c u l e w i t h more t h a n one v i b r a t i o n a l mode w i l l 
o n l y r e q u i r e a summation over a l l t h e modes' o f v i b r a t i o n , 
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c o u n t i n g n - f o l d degenera te modes n t i m e s , as i s u s u a l . We 
t h e n have : 
A v • | f i ( 2 ) 
where t h e A w j ^ s r e f e r t o t h e i s o t o p i e f r e q u e n c y s h i f t s f o r t h e 
gaseous and condensed phases r e s p e c t i v e l y . A l t e r n a t i v e l y , we 
can w r i t e t h e r a t i o o f t h e c o n f i g u r a t i o n a l p a r t i t i o n f u n c t i o n s 
(38.) ; 
| | f - e x P f (Au Q -Au) ^ ( 3 ) 
where u « | ^ and t h e summation ex tends ove r a l l t h e v i b r a t i o n s 
o f t h e m o l e c u l e s . 
B i g e l e i s e n and Goepper t Mayer (39 ) have g i v e n ah e x p r e s -
v e i o n f o r t h e v i b r a t i o n a l c o n t r i b u t i o n t o d i f f e r e n c e s i n f r e e 
energy o f f o r m a t i o n o f i s o t o p i c m o l e c u l e s f r o m t h e i r atoms, 
w h i c h i s v a l i d f o r a lmos t a l l i s o t o p i c exchange r e a c t i o n s , i n 
the f o r m : 
t h e t e r m a p p e a r i n g a f t e r t he summation s i g n , (•£ + i - . - 1:) 
deno ted &(u) has been t a b u l a t e d by them and c o n s i d e r a b l y l i g h -
t e n s t h e t a s k o f making such c a l c u l a t i o n s ; V $ 1 • i e ^ e r a t i o 
o f t h e symmetry numbers o f t h e two s p e c i e s . I f t h i s i s com-
b i n e d w i t h e q u a t i o n (2 ) above, we s h a l l o b t a i n an e x p r e s s i o n 
f o r t h e d i f f e r e n c e be tween t h e t o t a l f r e e energy o f f o r m a t i o n 
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o f t h e i e o t o p i e m o l e c u l e s f r o m t h e f r e e a toms, g i v e n a s : -
Af ^ i^lA . - r G ^ A m i 4. *f (Au-Au 0) t + M\ % ' ( 5 ) 
T h i s e x p r e s s i o n s h o u l d g i v e a more r e l i a b l e e s t i m a t e o f lnc*., 
where t h e d a t a a r e a v a i l a b l e , t h e n one which" i g n o r e s t h e 
c o n f i g u r a t i o n a l c o n t r i b u t i o n e n t i r e l y . 
The r a t io o f t h e symmetry numbers, no m a t t e r what i t s 
v a l u e , w i l l no t l e a d t o i s o t o p i c e n r i c h m e n t s i n c e i t m e r e l y 
r e p r e s e n t s t h e r e l a t i v e p r o b a b i l i t ' f e ' s o f f o r m i n g s y m m e t r i c a l 
and unsymmetr i e , a l f c m o l e c u l e s .' ^W,e,,can, t h e r e f o r e , i g n o r e 
the l a s t t e r m i n e q u a t i o n ( 5 ) . 
I m p l i c i t i n t h e f o r e g o i n g e q u a t i o n s i s the a s s u m p t i o n 
t h a t t h e r o t a t i o n a l p a r t i t i o n f u n c t i o n s w i l l have r e a c h e d 
c l a s s i c a l v a l u e s , and w i l l t h e r e f o r e c o n t r i b u t e n o t h i n g 
t o t h e c a l c u l a t e d e q u i l i b r i u m c o n s t a n t . T h i s a s s u m p t i o n 
i s j u s t i f i e d where t h e t e m p e r a t u r e i s r e l a t i v e l y h i g h 
( p r o b a b l y room t e m p e r a t u r e or h i g h e r ) , and when cases o t h e r 
t h a n those o f h y d r o g e n exchange are c o n s i d e r e d . 
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2. Appl icat ion to Isotonic Exchange React ions. 
I t i s evident that for those systems which can "be regarded 
as approximating in behaviour to ideal gases, the conf igurat ional 
term, ^(Am-Att@) i # in equation ( 5 ) , w i l l vanish . Thus i f *$h.e 
of the molecules taking part is subject to intermolecular inter-
act ions, u 0 and u w i l l "be ident ical for "both isotopes and for 
a l l v ibrat ions . No correct ion w i l l therefore be required for 
gases at moderate pressures. 
S t r i c t l y , the conf igurat ional term should be included 
when exchange between substances in the gas phase and ions in 
solut ion are considered. Two d i f f i c u l t i e s ar i s e in th i s 
connection; f i r s t l y , that the 1 unperturbed' - frequencies are 
purely hypothetical and cannot be meaeured. This d i f f i c u l t y 
can be overcome since only the di f ference between the unper-
turbed frequencies of the isotopic molecules i s needed, and this 
w i l l be very nearly equal to the frequency s h i f t predicted by 
the Product Rule . The dif ference ca l cu la ted in t h i s manner 
w i l l be in error only to the same ( f r a c t i o n a l ) extent as the 
f r a c t i o n a l dif ference between u 0 and u, and t h i s i s always 
small . The second d i f f i c u l t y i s the purely experimental one 
that for nearly a l l isotopic exchanges of interes t the l e s s 
abundant isotope is so rare that i t s v ibra t iona l spectrum has 
not been observed. The frequencies of the "rare" isotope have, 
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in fact , "been ca lcu la ted from the Product Rule, and eleairly, 
i f these values are used, the eonf igurat ional term w i l l 
necessar i ly vanish. I t might w e l l "be thought extraordinary 
that such good agreement has "been obtained "between experimental 
and predicted equil ibrium constants for these react ions , s ince 
no allowance has been made, s p e c i f i c a l l y , for interact ions in 
the l i q u i d phase. Two reasons may contribute to t h i s state 
of a f f a i r s : a ) , the interact ions which a r i s e from isotope-
dependent factors may wel l be swamped by the ion-dipole inter-
actions w ith the solvent, s o that, in fac t , these ions do obey 
the T e l l e r f B e d l i c h rule e,vs,en in the condensed phase, and. b) 
when G(u) is equal to ©.25 ( i . e . u • 3.6) equation (5) reduces 
to the same form as is 'implied by the use of the ca lcu la ted 
frequencies for the l e e s abundant isotope. u * 3*6 corres -
ponds to a frequency of about 5Q©cm~l at room temperature, and, 
since the relevant frequencies in the ions considered are mostly 
of t h i s order of magnitude, no great error w i l l have been intro-
duced by the use of c a l c u l a t e d frequencies . Actual ly , i t is 
possible that , i f exper imental values had been ava i lab le , the 
agreement between ca lcu la ted and experimental values would not 
have been as good as was the ease. Now that quite large 
quant i t ies "of enriched stable isotopes are ava i lab le , i t would 
be extremely interest ing to check t h i s point experimentally, 
M l 
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for example, "by a determination of the v i b r a t i o n a l frequencies 
of the 1 3 C 0 3 - - ion in solut ton. 
5. Appl icat ion to the Ca lcu la t ion of Vapour Pressure Rat ios of 
I sotopic Substances, 
The conf igurat ional e f f ec t w i l l show up most strongly in 
the c a l c u l a t 3on of the d i f ferences in vapour pressure to tee 
expected "between ieotopic substances. Equation (5) can now 
tee rewr itten: 
lnoc . - | - [ H ( u ) [ A u g - Au^) ± t (6) 
where Aug and Au^ are the isotopic s h i f t s in u in the gas and 
l i q u i d state re spec t ive ly . For small separations, such as are 
generally obtained in pract ice , th i s equation gives 1-<X d i r e c t l y 
d tee ing the r e l a t ive ivolat i l i t y of the isotopic spec i e s . She ^ 
factor H(u) iE analogous to the 6(u) factor tabulated by J i g e -
l e i s e n and Goeppert Mayer (39 ) , d i f f e r i n g only by an added 
constant of 0 .25. The plot of H(u) against u i s shown in 
Figure V I , and i t w i l l be noted that a v ibrat ion for u > 3.6 -
contributed nothing to the frac t ionat ion , since H(u) is then 
zero. For a given value of (Au g -ZWi) the f rac t ionat ion w i l l 
be of opposite sign, depending on whethar u i s greater or l e s s 
than 3.6. 
4 . Quantitat ive Test of Theory. 
As mentioned before, there is a paucity of spectra l data 
for the "rare" isotopes. Urey (g) , in fact , quotes no such 
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data for the ion/gas exchanges whieh he evaluates, and. there-
fore it is .impossible to make any assessment of t h i s theory 
for such systems. ... . 
I t has already "been indicated ( I I ,p.lo ) that of a l l the pos-
s ible substances, boron t r i c h l o r i d e i s the most promising for a 
t r i a l of the above theory. The molecular frequency data for 
boron t r i c h l o r i d e given by Anderson, Lasse t t re and Yost (4X) ) are 
quoted in Table V I . Urey ) has ca l cu la ted from these-data 
the r a t i o s - o f the vapour pressures to be expected at various 
temperatures; at the b o i l i n g point, ©ne can interpolate fr.om 
h i s r e s u l t s the value 1.014. 
TABLE IX 
1 G>BC1 3(1) 471 ( 4 7 1 . 5 ) t 989 253 
1 3 - : B C I 3 ( I ) *. 4?1 451 9 46 253 
l©BCl 3 (g ) 471 ( 483)*" 996 243 
H B C l ^ g ) 471 462 958 243 
"f : ca l cu la ted from the T e l l e r - R e d l i c h r u l e . 
*• : These v ibrat ions are doubly degenerate. 
: y can be regarded to be the same as CO for the fundamentals 
where the e f f e c t ©f anharmonic i ty w i l l be neg l ig ib le . 
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A c a l c u l a t i o n made from equation (6) gives a value, talcing 
the Same frequency data as Urey, of 1.003, and, in fac t , the -
value of the equilibrium constant obtained (Chapter V I I ) was 
0.9987 - Th i s , then, would appear to provide a measure of 
support for the idea put forward here, although some uncerta in-
ty s t i l l ex i s t s in that the value ofu>2 f o r 1 0 B C 1 3 in the l i -
quid phase was obtained by c a l c u l a t i o n . I t i s poss ible that 
the actua l s h i f t here would be in such a sense and of such a 
magnitude as to exact ly compensate the enrichment predicted 
from the s h i f t in #3 (£^ j_ i s completely, and ^ almost completely 
inactive in t h i s respect) . T h i s , however, would appear to be 
unl ike ly , in view of the rece rt ly reported (4 l ) frequencies for 
BF-j in the c r y s t a l l i n e form, where Wg shows a s h i f t of the same 
sign as, and comparable magnitude to that shown by £^3. I n 
fact , i f we assume that t h i s also i s ^hegc/a^^for BG1 3 , i t w i l l 
increase s t i l l further the f rac t ionat ion predicted by the-use . 
of v i b r a t i o n a l par t i t i on functions only, but w i l l reduce to 
s l i g h t l y below unity the value predicted by t h i s theory. This 
ar i s e s because u 3 l i e e s l i g h l y abo \e the point at which the 
s ign of H(u) changes, whereas Ug l i e s s l i g h t l y below i t . A 
s h i f t of the same sign in Ug and u 3 w i l l therefore provide 
contributions of opposite sign towards the t o t a l f rac t ionat ion . 
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5. Est imation of the Interact isn Energy. 
I f the mechanism suggested before - we can re fer to i t 
as the operation of i n f r a - r e d dispers ion forces - is the. true 
cause of the anomolous isotope s h i f t in the l i q u i d phase, i t 
would be of interes t to attempt to corre la te these forces with 
the difference in heat of vapourization needed to account for 
the divergence between Urey 1 s ca lcu la ted &L and the experimental 
value. 
I t is interest ing to note that B C 1 3 , i s a molecule of the 
type having quite strong i n t r i n s i c bond dipoles, but, on account 
of i t s planar tr igonal symmetry, no resu l tant e l e c t r i c dipole 
moment in i t s equil ibrium conf igurat ion. 
' J)iet©r-tl3©n. ©f the molecule resu l t ing from i n f r a - r e d v i -
brat ions w i l l , however, destroy t h i s symmetry, and leave a 
net dipole moment. An evaluation of the magnitude of these 
moments ( f o r molecules having only the ir zero-point energy 
of v ibrat ion in each mode) w i l l enable us to estimate the 
interact ion energy. 
A rigorous c a l c u l a t i o n of t h i s type i s somewhat d i f f i c u l t , 
v since there i s l i t t l e information about the type of packing of 
boron t r i c h l o r i d e molecules in the l i q u i d , and not. much more 
about the t r a n s i t i o n moments. I t w i l l be seen from Table ,IX . 
that isotope s h i f t s occur only for and cO^ and that the 
other fundamentals are inact ive in th i s respect . Thus the 
problem w i l l be to evaluate the amplitudes of the o s c i l l a t i n g 
dipolee which are associated with the ground states of ^2 
and A 3 . 
( i) Est imation of T r a n s i t i o n Moments from Spectral Data. 
E . B r ight W i leon ana his col laborators (42) have shown 
how, from the absolute intens i t ies of the chief i n f r a - r e d 
absorption bands, i t is possible to ca lcu la te molecular' 
t r a n s i t i o n moments. This technique has been used to obtain 
the value 'of the t r a n s i t i o n moments for ^3, using the abeorp-
t ion curve given by Scruby, Lac her and Park ( 43): unfortu-
nately the only fundamental measured by these workers was 
: J.I'The method cons i s t s , b r i e f l y , in integrating over the 
whole width of the band, the function 
l n ( T 0 / T ) ^ 
which gives the integrated apparent absorption^*, def ined by 
l3z . p . L . B 5 •« l n ( T 0 / T ) '(7) 
(L r ' c e l l length, 
p ; pressure of absorbing gas) . 
t The true value of B i s , s t r i c t l y , to be obtained by ex-
trapolat ion to zero pressure of the 9^ vs . p x L curve; the 
l imi t ing slope defining the true absorption c o e f f i c i e n t A. 
This is then r e l a t e d to the t r a n s i t i o n moment by 
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The absorption spectrum reproduced by Scnuby, Laeher and 
Park ( 4 3 ) enables one to estimate t h i s funct ion. By graph-
ical , integration, B 3 r 6 3 9 x 1 0 1 0 cycles/cm.-atm. was ob-
tained; corrected to 100^ H B C 1 3 , th is g i v e s ' B 3 = 7 8 4 x I®1® 
cycles/cm.-a-tm. Unfortunately the data avai lable do not 
permit the extrapolat ton to zero pressure but the measurement 
was made at. only 1 mm. pressure and B i s thus l i k e l y not to 
be far d i f f erent from the true value of A. ^ 3 i s doubly 
degenerate, and each mode can be regarded as contributing 
h a l f of th i s amount. Inser t ing t h i s value into equation 
( 8 ) we get: 
jytii * - 1.10 x 1 0 " 1 9 e . s . u . * 
I t mUst be appreciated that t h i s i s l i a b l e to be con-
siderably underestimated, i f only because the measurements 
were made at very small t o t a l pressure, whieh would almost 
c e r t a i n l y be i n s u f f i c i e n t adequately to broaden the ro ta -
t iona l f ine structure of the spectrum. 
6 . Est imation of O s c i l l a t i n g dipole Amplitudes; 
The other t r a n s i t i o n moments required cannot be e s t i -
mated d irec t ly from spectra l data, since the fundamental fre -
quencies do not f a l l within the range invest igated .by Scruby 
* 3 i s moment associated with V 3 , , the mode which 
i s degenerate with 
81. 
et a l . They -have "been evaluated, and that for ^3 checked, 
"by ca l cu la t ing f i r s t the amplitude of d i s tor t ion of the 
molecule undergoing the appropriate v ibrat ion , and then 
estimating the net dipole moment which th i s would represent. . 
( i) Estimate of the I n t r i n s i c B - C l Bo&d B.ipole. . 
Pauling ( 44) gives an approximate re la t ionsh ip between 
his"electronegat iv i ty" values and bond dipole, from which 
one can estimate a value of 1.© B . for B - C l . 
( i i ) Determination of Amplitudes of Q s c i l l a t i o n . . , 
From considerat ion of symmetry, and by making assumptions 
about the nature of the interatomic force, i t is possible to 
determine the form of the normal v ibrat ions of a molecule, and 
the contributions of the various symmetry co-ordinates to each. 
Knowing the atomic masses, and the zero point energies of v i -
bration,.* I t i s a lso possible to estimate the amplitude of the 
v ibrat ions ( i . e . the extent of the excursions^ of each of the 
atoms from-their equil ibrium pos i t i ons ) . T h i s type of c a l -
culation, developed in some de ta i l by Herzberg( 45) i s , admit-
tedly, a very c l a s s i c a l picture of the process, although, of 
course, i t accepts and u t i l i s e s the quantizat ion of v i b r a t i o -
nal energy, and, in p a r t i c u l a r , assumes one half-quantum of 
zero-point energy as the bas is of c a l c u l a t i o n of the ground 
state amplitude. I t s Just i f i cat ion i s that for atom ic , as 
opposed to e lec tronic processes, there i s very much l e s s un-
cer ta inty of pos i t ion of the "osc i l la t ing" p a r t i c l e ; without 
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a knowledge of the molecular wave-functions for BGI3 l i t t l e 
e lse could anyway be attempted. 
For ^ 2 . "the out-of-plane o s c i l l a t i o n , t h i s c a l c u l a t i o n 
i s simple, since only one symmetry co-ordinate, Sg, is involved. 
One can calculate-., in t h i s way that the maximum amplitude of 
Sg in the zero point v ibra t ion is 1.45 x lG" 1 G cm. This gives 
a height for the pyramid of 1.68 x lCT^em. Assuming that the 
very s l ight lengthening of the B - C l bonds has negl ig ib le ef-
fect on the ir dipole moment, the e f f ec t ive amplitude of the 
osc i l l at ing moment w i l l be 
1,66 x 1Q-1 x 3 . o.288 3D. 
1.70 
( B - C l bond length c 1.75 I ) 
A s i m i l a r calculation has been made*for ^ . ^ t a l t h o u g h here 
two symmetry co-ordinates, S 3 and S^, contribute . S3 makes 
up more than 2/3 of the amplitude of v ibrat ion , and, in any 
event, S4 is not influenced by isotopic subst i tut ion; only 
need therefore be considered. The amplitude of S3 is 
found to be ©.5552 x 1G- I 0 cm. 
The c a l c u l a t i o n of resul tant dipole moments from amj>M-tu-
des in t h i s case require some assumption as to the v a r i a t i o n of 
moment with bond length and angle. In fact , the resu l tant 
moment is comparatively insens i t ive to the assumption made, 
and that f i n a l l y adopted; involves placing formal charges, of 
magnitude s u f f i c lent to give the 1.0 i n t r i n s i c bond moment, 
on the B and CI atoms, and to assume that these do not vary 
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during the o s c i l l a t ion. I n t h i s way, a value f or ^ /Z 3 s y# 3 -
0.103 B. i s obtained. The agreement with the value ca lcu-
la ted from absorpt ion data (0.110 D) i s probably fortui tous 
but j u s t i f i e s some confidence in the e s s e n t i a l soundness 
of the method.' 
7. C a l c u l a t i o n of In terac t ion Energy. 
By analogy with London's treatment (see, for example re f . 
37) oft"optical w dispersion forees, we can write 
where U is the isotope-dependent part of the " infra-red" 
dispersion energy* ck i s the p o l a r i s a b i l i t y of a B C l ^ molecule 
assumed due e s s e n t i a l l y to the chlorine atoms {ci* 1.38 c c . / 
mole of CI ( 4 6 ) ) , y U i i s the amplitude of the o s c i l l a t i n g 
dipole moment, for the jj^^'mode of mibration, neglecting those 
modes which show no s i g n i f i c a n t isotope s h i f t , and 1 i s the 
intermolecular distance, and the summation here extends over 
a l l the"neighbours". 
For H B C I J , for which the ca l cu la t ions in the previous 
sections have been made, we can then evaluate 
J2 j _ o ir c, i n %2,\ U - 5 x 1.38 x (0.288^ -h 2 x 0.1Q3 2) x 1Q-36 x 1 Q 
10" 4 8 x R | f f x 4 . 2 x 10 7 
• R 6 eal /mole. - k 6 . 
mole 
E 6 
Here we have allowed for a conventional 10 nearest neighbours. 
From th i s we need to est imateAU, the ^difference between the 
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interact ion energies of H B C I J and 1 0 B C l g with t h e i r respec-
t ive environments, whick w i l l a r i s e from the change in^u 
on isotopic subst i tut ion . .Reference to the equation of 
motion for the B C 1 3 molecule shows that the amplitude of 
o s c i l l a t i o n increases by almost exact ly 2% on subst i tut ing 
1 0 B for ^ B , and it i s reasonable to assume an equal per-
centage change injbL. Since U contains ^ as the second 
power, we can say 
AU * U 1 0 - U 1 1 • 0.04 H 1 1 
~ ^ I S - ^ M 3 cal/mole - & 6 
. '•• R e f f . ...:v 
This we have to equate to the conf igurat ional energy 
difference term previous deduc ed ( V I I I , p. 71), which w i l l be 
ET ln( 1.013) * 7.4 cal/mole, whence we obtain 
R e f f . = 2.87 R 
I t remains to discuss the reasonableness of t h i s value . 
The d i f f i c u l t y in th i s , of course, i s to get a r e l i a b l e es-
timate of the e f f ec t ive ( r e c i p r o c a l sixth-power) distance 
in the l i q u i d . - Dat a are avai lable for s o l i d B C 1 3 ( R o l l i e r 
and R i v a (47) ) , and one can assume that the l i q u i d has l o c a l 
structure s imi lar to that for the c r y s t a l ( and i t is , of 
course, only the l o c a l s tructure that matters, on account 
of the short-range nature df the dispers ion forceef) . In 
th i s case the e f f ec t ive distance between a boron atom and 
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i t s neighbouring (unbonded) ch lor ines i s 3.8© k. 
The very approximate nature of th i s c a l c u l a t ion hardly 
needs to be s tressed, but nevertheless the fact that these 
two values are of the same order of magnitude would seem to 
j u s t i f y a c e r t a i n measure of confidence in the accuracy of the 
assumption on which i t i s based. 
©ne factor has been omitted, for want of evidence to sup-
* 
port i t s inclus ion: both B H 3 and A l G l g show very strong ten-
dencies towards dimerisation ( i n fact the BgH 6 molecule does 
not show any perceptible s p l i t t i n g at room temperature) , g i -
ving a bridged structure: 
e.g. X X 
H H H 
I t is not inconceivable that in l i q u i d BCl^. a small proport ion 
of the molecules are associated in some s imi lar dimer, and, 
t h i s would, of course, considerably reduce the e f f ec t ive 
intermoleeular distance, on account of the weight, given to 
small distances by the inverse-sixth-power dependence. 
I t seems c lear that at l eas t a s emi-quant i t ant ive agree-
ment between experiment and c a l c u l a t i o n has been establ ished, 
and that in the c a l c u l a t i o n of vapour pressure r a t i o s from 
spectra l data, care must be taken to assess the importance of 
the dif ferences in eonf igurat ional energies between the two 
isotopes. When the frequencies in the condensed phase ©bey 
86. 
the T e l l e r - R e d l i e h rule exactly, one can infer the absence of 
such interferences; for other eases, the procedure outl ined 
in t h i s discussion is though to have general appl i ca t ion . 
I t appears, at l e a s t , to provide an adequate explanation of 
the r e s u l t s in the . only case for which reasonably f u l l ex-
perimental data are a v a i l a b l e . 
( i i i ) 
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